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Abstract

Modern prosthetic foot designs are incredibly diverse in comparison to what was

o↵ered to amputees at the turn of the millennium. Powered ankles can supply

natural levels of joint torque, whilst passive feet continue to optimise for kinematic

goals. However, most passive feet still do not solve the issue of unhealthy loads,

and an argument can be made that optimisation methods have neglected the less

active and elderly amputee. This thesis creates a framework for a novel approach

to prosthetic foot optimisation by focusing on the transitionary motor tasks of

gait initiation and termination.

An advanced FEA model has been created in ANSYS® using boundary con-

ditions derived from an ISO testing standard that replicates stance phase loading.

This model can output standard results found in the literature and goes beyond

by parameterising the roll-over shape within the software using custom APDL

code. Extensive contact exploration and an experimental study have ensured the

robustness of the model. Subject force and kinematic data can be used for specific

boundary conditions, which would allow for easy adaptation to the transitionary

motor tasks.

This FEA model has been used in the development of prosthetic experiment

tool, which can exchange helical springs to assess e↵ects of small changes in sti↵-

ness on gait metrics. A rigorous design methodology was employed for all compo-

nents, including parametric design studies, response surface optimisation, and ISO

level calculations. The design has been manufactured into a working prototype

and is ready for clinical trials to determine its e�cacy.

The conclusion of this framework is in the development of an experimental

method to collect subject data for use in the models. A pilot study uncovered

reliable protocols, which were then verified with ANOVA statistics. Proportional

ratios were defined as additions to metric peak analyses already found in the liter-

ature. These tools are ready for deployment in full clinical trials with amputees,

so that a new prosthetic optimisation pathway can be discovered for the benefit

of less active or elderly amputees.
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Chapter 1

Introduction

1.1 Scope

The initial overarching question of this thesis was to ask:

”Do the current passive prosthetic feet o↵er the optimum perfor-

mance possible to a transtibial amputee, whilst maintaining a↵ordabil-

ity?”

This question would be driven by the development of a passive prosthetic foot

with a bodyweight activated, spring energy harvesting mechanism. However, in

searching for the answer, the scope evolved beyond questioning the viability of

this novel design, to evaluating the design ethos of passive feet altogether.

There is a gap in the performance of powered and semi-active feet when com-

pared to passive designs [1]. The BiOM® ankle system developed by Hugh Herr

at Massachusetts Institute of Technology (MIT) is a prevalent example of these

advanced technologies [2]. However, passive designs have a lighter mass advan-

tage and are typically more accessible to the common amputee. There is clearly

scope for advancing these designs, as evidenced by another MIT research group,

who have developed an optimisation method for passive designs [3]. However, it

has not been verified as to whether these new methods are the most suitable to

take when considering the natural variation in physiology and biomechanics from

person to person.

Indeed, the musculoskeletal system of an amputee is capable of adapting the

motor pattern to the changes brought about by the amputation [4]. Mass per-

turbations introduced to amputee gait caused a kinematic invariant adaptation,

where the kinetics were altered to maintain a kinematic pattern [5]. In doing so,

the musculoskeletal system appears to be compensating for lost power generation
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in the plantar-flexors [6]. However, passive foot designs have been shown to gen-

erate irregular power profiles which can cause health issues occurring from the

unhealthy loads [7].

1.1.1 Amputee Situation

The procedure of an amputation has been prevalent for as long as warfare has

occurred between tribes and nations on this planet [8]. Changes to combat and

improvement in military trauma surgery has only served to increase the number

of amputees who survive [9, 10]. Statistics from those involved in the conflicts

of the 20th century have shown that the transtibial amputation was the most

common of all types. A study from 2003 on a sample of the elderly populace with

amputations in France (539 Subjects, 66.1±14.1), had 69.02% because of trauma,

19.85% from vascular disease, and the remaining from other complications; with

transtibial amputations accounting for 49.17% of all cases [11]. These numbers

have changed in some respect as modern warfare has evolved again alongside

medical practice into the 21st century. Whilst the overall amputation rates in the

military are at historic lows [10], the use of explosives is now the single major cause

of amputations and has helped maintain the proportion of transtibial amputees

at around 48% [12].

Outside of military conflict, research has shown a concerning trend in the

prevalence of civilian amputations. In 2005, the United States had an estimated

1.6 million living with an amputation, 65% of which were to the lower body. Just

over a half at 54% were caused by dysvascular disease, 45% due to trauma, and

the rest caused by cancer. This group was projected to grow to about 3.6 million

in 2050, with a significant portion being persons over 65 years with a dysvascular

disease [13].

Trends in other countries can vary slightly, but the overall picture remains the

same. Scotland has seen 82.9% of lower limb amputations caused by dysvascular

disease, with 80% of patients over the age of 60 [14]. Detailed studies in England

have used NHS data, analysing those with dysvascular disease. Between 2003-

2008 the lower limb major amputation rate of the general population was 5.1 per

100,000, with 39.4% being due to diabetes. A separate study looked at same

data but restricted to between the ages of 50-84 found the rate increase to 26.3

per 100,000, 43.7% of which was attributed to diabetes [15]. An extension to this

revealed that over 10 years the rate of major amputations fell from 27.7 to 22.9 per

100,000. In the diabetic population the rate dropped faster than non-diabetics,

however they still remain at a much larger risk of major amputation [16].
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The research suggests that whilst e↵ective healthcare can help to reduce the

rate of major amputations, there is always a higher risk with older age and a

predisposition towards vascular disease. As the average life expectancy increases,

it is possible that a portion of the general population will always be at risk of a

lower limb amputation. In addition to this, veterans of conflict, and victims of

severe trauma will also add to this group of disabled persons [12]. The World

Health Organization has also estimated that as many as 30 million in developing

countries across the world were in need of a prosthetic in 2011 [17].

A transtibial amputation removes key musculoskeletal structure utilised in

ambulation. The plantar-flexor muscles provide active push-o↵ [18, 19], although

the exact mechanism through which this is achieved is debated [20]. It is likely that

the tendons in the lower limb play a crucial role, as their mechanical e�ciency

is well suited to the generation of power [21]. In fact, research has shown the

ankle to employ a ”catapult” mechanism, producing a large impulse of power at

push-o↵ and producing net positive work over the gait cycle [22]. Without this

functionality, the contralateral limb and residual muscles will overcompensate,

[23], leading to increased risk of osteoarthritis [24].

With the loss of power generation, the mass of a prosthetic foot device becomes

an additional consideration. Adding mass to the proximal end of the amputated

limb has been shown to increase both metabolic energy costs and asymmetrical gait

in segmental models[25, 26], and swing leg passive walking models [27]. Powered

designs can accommodate a prosthetic mass similar to an intact foot, around 2kg

or 2.5% of the total body mass due to their superior power generation [28, 29, 30].

However, the passive designs do not have this power to o↵set the mass, and as

such must aim for a lower mass; around 350g for the MIT foot [31].

Much of the optimisation of prosthetic feet to date has been developed to

bring natural gait back to previously active and healthy subjects. Typically, such

methods use data collected in mid-stride, or what is referred to as steady-state

walking. However, these performance goals are not representative of the typical

older amputee, who are a significant demographic in the UK lower limb amputee

population, and one with low levels of activity [32]. Studies have shown that the

average healthy adult under 65 will walk 9,448 steps a day, whilst over-65’s will hit

a lower average of 6,565 steps [33]. In active job typical of those worked by blue

collar workers this can reach 11,784 steps, and even the least active desk jobs will

hit 7,207 a day [34]. Compare this to the 600 steps a day necessary to navigate a

single-story house with moderate support; a value recommended by research and
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used throughout amputee activity studies [35]. Other research indicates that their

gait can be characterised by repeated sessions of gait initiation and termination,

as amputees will still wear their prosthetic even when less active [36]. This is

reflected in the selection of tests used to assess elderly amputees, for example

the ability to get up from sitting and move a short distance within a reasonable

timeframe [37, 38].

1.1.2 Current Research Trends

At the start of the EngD, universities and research collaborations were attempt-

ing to find solutions to the question posed in the scope of this thesis. To return

natural gait to amputees many designs shared the common objective in designing

a foot that can match the kinetic and kinematic joint data of a healthy individ-

ual, which involves the use of predictive models and inverse dynamics to predict

joint parameters. However, there are inherent limitations in these methods which

a↵ect the accuracy of the results [39]. Inaccurate estimations of body segment

parameters and movement noise of surface markers will create significant uncer-

tainties in joint torque estimates [40]. Furthermore, studies applying able-bodied

kinematic models to the inverse dynamic analysis of amputees have not considered

the changes in amputee physiology and how this should be reflected in adaptations

to the models [41].

The Controlled Energy Storage and Return (CESR) foot, see Figure 1.1a,

aimed to harvest energy lost at heel contact, returning it at push-o↵ and therefore

reducing the metabolic expenditure [42]. Whilst successful in recycling energy

under steady-state walking, the release rate and control of this energy required

further development as the metabolic cost was not reduced [43]. At Northwestern

University in the United States, researchers produced a series of papers that inves-

tigated the ankle sti↵ness behaviour, discovering a method to model the non-linear

behaviour of the ankle joint system [44, 45]. This knowledge has been used in the

evolution of sophisticated robotic ankles [2], and the Variable-Sti↵ness Prosthetic

Ankle-Foot (VSPA Foot, see Figure 1.1b) a novel design with an actively con-

trolled, continuously variable sti↵ness [46]. The idea behind the VSPA foot is to

create an a↵ordable foot which can mimic the adaptive sti↵ness of the biological

ankle-foot. Further experiments revealed a high sensitivity to sti↵ness changes

during steady-state walking, which has directed the development to discovering a

method to prescribe a personalised sti↵ness profile for amputees [47]. Whilst the

semi-active CESR and VSPA foot designs are a positive step in filling the gap be-
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(a) CESR foot [42]

(b) VSPA Foot [46] (c) Shape & Roll [48]

Figure 1.1: Examples of passive, and semi-active prosthetic feet designed by var-
ious research groups in American universities. Their scope is comparative to the
framework outlined in this thesis, and the future work proposed.

tween the powered and passive ankle-foot devices, these concepts of personalised

sti↵ness profiles and re-directing collision energy to push-o↵ could also be applied

to a novel passive design.

Ongoing research is exploring a variety of optimisation methods and parameter

exploration for passive feet. A group of researchers in America have investigated

the e↵ect of foot sti↵ness on gait by using additive manufacturing to produce

geometries with varying degrees of heel and forefoot. With this method, the e↵ects

on support and propulsion were clarified, but it proved di�cult to balance the

sti↵ness of the geometry to provide both without a trade-o↵ [49]. This framework

has been used to add to the knowledge of foot sti↵ness e↵ects, by focusing on

common key events such as turning [50].

From extensive studies into rollover shape e↵ects, another group of researchers

sought to better understand the e↵ects of prosthetic foot rollover shape by de-
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(a) Metatarsal Design [52] (b) Custom Springs [53] (c) Optimisation [54]

Figure 1.2: The prosthetic designs developed as part of the LLTE project at MIT
[3].

signing an experimental foot that would deform to the rollover curve. The design

displayed some ability to produce a biomimetic response [48], and has been used

as a tool to analyse e↵ects on the mobility and balance [51]. The rollover shape

has continued to be used in the design optimisation of passive feet.

An MIT group have developed a novel optimisation methodology that min-

imises what has been defined as the Lower Leg Trajectory Error (LLTE) [3]. Their

research began with the objective to improve the mechanical performance of a↵ord-

able energy storing and return feet, in particular the Jaipur foot. By combining

the rollover shape and the orientation of the lower leg, the optimisation directly

includes the e↵ect of prosthetic geometry on the kinematics of the lower limb.

Through minimising the kinematic error between subject values and a healthy

objective, the sti↵ness of a passive foot has been optimised [31]. The evolution of

this method from 2015-2018, involved PhD research that designed and used multi-

ple prosthetic tools to provide insight into the explored optimisation parameters;

these are shown in Figure 1.2

1.2 The Research Goal and Objectives

It can be said that the semi-active and passive prosthetic research has been suc-

cessful in achieving some goals in returning natural gait, but there are gaps in

the research worth exploring. Many of the optimisation methods use kinematics

or joint kinetics as optimisation goals, and the method of data collection is not

necessarily representative of the amputee population. Research focuses on steady-

state walking and not gait initiation or termination, where small changes to spring

sti↵ness are yet to be explored.
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A collaboration was formed with a PhD thesis which was completed in paral-

lel to the work presented here [55]. Using a passive dynamic model, the author

discovered a novel method to classify walking speeds using a dimensionless poly-

nomial derived from the vertical ground reaction force (vGRF). Two optimisation

strategies were also explored to minimise the unbalanced vertical loads during

steady-state walking, one leg sti↵ness and the other roll-over shape. These two

parameters formed targets for the Finite Element Analysis (FEA) model devel-

oped in this thesis, and a printable prosthetic foot was modified to match the

performance. This demonstrates viability in the optimisation pathway but is still

only focused on vertical forces during steady state.

In the last 5-6 years, researchers have been exploring the mechanical proper-

ties of structures created with minimal surfaces like the gyroid. By changing the

density and direction of gradient, the full structure exhibits varying deformation

and mechanical properties [56]. This ability to change the density also produces

favourable compression and energy storage capabilities [57]. With these advan-

tages in controlling the properties, the structures show promise in use as bone

sca↵olds [58]. They are also proving to be manufacturable across a range of addi-

tive manufacturing techniques, including Fused Deposition Modelling (FDM) [59]

and Polyjet printing [60].

The gyroid structure’s unique, directional parameterisation features provide

the opportunity to expand the unhealthy force optimisation method into the ad-

ditional Ground Reaction Force (GRF) components. Of the two, the Anterior-

Posterior (AP) loads should be the primary focus. These forces are representative

of the gait initiation and termination activities, tasks that are common for the

typical less-active amputee. For this to be realised, a framework needs to be setup

to research the e↵ects of small changes to foot sti↵ness during those specific gait

activities.

1.2.1 Objectives

For this approach to be realised, a set of objectives were defined to carve out a

new scope for the research:

• Design a prosthetic foot to analyse the e↵ect of forefoot spring sti↵ness on

gait initiation. Primarily, the propulsive portions of the anterior-posterior

ground reaction force. The nature of these unhealthy forces is acknowledged

but not yet quantified in terms of an optimisation criteria. The K-levels of

standard feet have sti↵ness levels that are too broad for the sensitivity of

amputee gait.
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• Develop an experimental method to assess unhealthy loading at gait initi-

ation. This must be reliable in producing consistent results and avoiding

random errors.

• Develop a computational methodology to design a person specific low-cost

passive prosthetic foot that will minimise the occurrence of unhealthy loads

generated in the daily routine of a typical amputee.

1.2.2 Novel Contributions

Whilst working towards the completion of the objectives listed above, a number

of solutions were developed. As mentioned in Section 1.2, the FEA model has

successfully been used to design, and then optimise a printable prosthetic. The

experimental method will form part of the validation process in advancing the FEA

model in future work and assist in optimising the prosthetic push-o↵ sti↵ness tool,

which itself is the third key deliverable from this research.

• An advanced, ISO 22675 compliant FEA model that goes beyond the basic

recreation of tests used in industry. It has the following features:

– Custom ANSYS Parametric Design Language (APDL) script to param-

eterise the rollover shape and sti↵ness across stance phase

– Structural optimisation using sophisticated algorithms

– Easily modified to fit any prosthetic design

– Simple exportation of Key Performance Indicators (KPI)

– Utilisation of ISO definitions to produce boundary condition tests force

from subject specific data (Vertical & AP GRF components)

– Verification completed with a printed polymer experiment

• A novel experimental method to measure unhealthy loads and peak power

of amputees

– With the prosthetic optimisation focus on the common tasks of gait

initiation and termination, there is a requirement to have a robust

experimental method to measure the ground reactions forces and power.

– A pilot study was completed with five participants. The purpose was to

assess the instructions and setup of equipment. Three instructional sets

were trialled and the repeatability analysed with Analysis of Variance

(ANOVA) statistics. All three reported su�cient intraclass correlations
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(< 0.8), with the most repeatable set going forward for use in a full

study.

– A full study was conducted on the gait initiation with 26 healthy sub-

jects recruited from the university doctoral studies o�ce (18 males, 8

females, ages 26± 2, 78.38± 16.8kg). Reliability results remained high

for gait initiation.

– A MATLAB® script was created to conduct the analysis. A novel

contribution of this script involves the use of statistical methods to

detect the instant of gait initiation for purpose of generating reliable

metrics of peak power.

• A novel prosthetic foot designed to estimate the e↵ects of sti↵ness corrections

in passive feet, gaining insight to minimised unhealthy loads produced in gait

initiation.

– Optimised using the FEA model and a robust series of simulation-based

design parameterisation with response surfaces.

– Used in conjunction with the experimental method to determine e↵ects

of delta changes to spring sti↵ness, expanding beyond the steady-state

walking research found in literature.

– A program written in MATLAB uses Non-Uniform Rational Basis Spline

(NURBS) to define the shape of the structure for design parameterisa-

tion.

• The work leading to the contributions has been presented at a series of

conferences.

– M2A Conferences - Poster presentation: 2016, 2017, 2018

– M2A Conference - Presentation 2019

– International Conference - Dynamic Walking 2017

1.3 Summary

This thesis will cover the work completed in achieving the novel contributions de-

tailed above. Chapter 2 will cover an extensive literature review, beginning with

the foundations of gait cycle, progressing through topics of kinetics and kinemat-

ics to provide an insight into the biomechanical features of gait and identify the

characteristics that occur from a resulting amputation. The design of prosthetic
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foot devices is also explored. Chapter 3 follows the pathway taken in developing

the FEA model, from the evaluation of ISO standards and extraction of boundary

conditions, moving through to the development of the model itself, including an

experimental study to verify the contact settings. In Chapter 4 the evolution of

the prototype design will be documented. This starts with the evaluation of the

original proof of concept design, using the FEA models developed in the previous

chapter. It also covers the extensive optimisation methodology undertaken to ar-

rive at the first built prototype. Chapter 5 will explore the development of the

experimental method to assess the prototype. In this chapter, a further literature

review will be conducted, providing more detail into the decision to forego the

typically used kinematic analysis in favour of the kinetic approach. The conclud-

ing chapter will contain a discussion on the novel contributions developed and

presented, concluding with a section of planned developments, derived as a result

of the work presented here within.
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Chapter 2

Literature Review

In the previous chapter, an overview was provided into how the gait initiation

activity and elderly, less-active amputees are overlooked. The content in this

chapter will begin with the fundamentals of gait analysis and biomechanics to

provide the reader a foundation of knowledge for the proceeding sections. These

are grouped thematically to cover aspects of neuromuscular control, power, motor

redundancy, and the ankle foot complex. In all sections, the discussion is linked

into the associated issues resulting from a lower limb amputation. The chapter

concludes with a more detailed review of prosthetic technology and where the

popular trends have succeeded or left uncertainties in research area.

2.1 Biomechanics

2.1.1 Terminology and Key Conventions

Due to the use of biomechanics terms throughout this thesis, it is prudent to first

explain terms and concepts that will commonly be used throughout. In respect

to the main intention of this thesis, the details will be succinct.

Table 2.1: Anatomical Directions

Term Direction

Medial Towards centre
Lateral Away from centre
Anterior Forward
Posterior Backward
Proximal Towards body
Distal Away from body
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CHAPTER 2. LITERATURE REVIEW 2.1. BIOMECHANICS

(a) (b) (c)

Figure 2.1: Anatomical reference diagrams of (a) Reference planes & directions,
(b) Sagittal plane motion of hip and knee joints, and (c) Sagittal plane motion of
ankle joints [61].

In the study of human gait, a spatial reference system has been used by

biomechanists as the status-quo for decades. The body is bisected by three major

planes: Frontal plane splits the anterior and posterior, Sagittal divides the left

and right of the body, and Transverse cuts the lower and upper halves (Figure

2.1a). Much of the discussion in this thesis will be in the Sagittal plane as most

of the useful information can be seen in this plane. With regards to lower limb

joint motion in this plane, the hip, knee, and ankle joints can be seen to all be in

either flexion or extension (Figure 2.1b). In the ankle, it is common for flexion to

be known as Dorsiflexion, and extension as Plantarflexion (Figure 2.1c).

There are a few additional terms to identify, they have been summarised in Table

2.1. A list of every bone and muscles in the lower leg would be exhaustive, and so

further reference should be made to suitable references [39, 62].

2.1.2 Introduction to the Gait Cycle

At this point it is prudent to acknowledge that the use of the word cycle does

not necessarily mean that every step is identical, more so that the sequence of

events will occur in a repeated cyclical pattern. Research has shown that there

are intra- & inter-subject fluctuations in gait patterns, particularly when variations

in walking speed are introduced [63, 64, 65]. Thus, it can be useful to perceive

the gait cycle as being quasi-periodic over an extended period of time [66].

With the above in mind, a single gait cycle can be defined as the period between

the same repetitive event which occurs during walking. Although any event can
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(a) (b)

(c) (d)

Figure 2.2: The gait cycle can be described using terminology in (a), with timing of
events found to typically follow (c). A Pedotti diagram (b) displaying the sagittal
plane ground reaction force vector during stance phase. The position of the leg
during a single gait cycle is visualised in (d). All figures have been taken from
[61].

be used, it is convenient to use the initial contact of a single side as the key event.

The terminology used to describe the gait cycle can vary in literature. As such,

a primary source will be referenced here, all future mentions of the gait cycle or

appropriate nomenclature will be applied to this context [61].

In terms of mechanics, the gait cycle can be said to control the forward pro-

gression and positioning of the lower body (Locomotor Unit) through managing

mechanical energy, whilst maintaining the support of the upper body (Passenger

Unit) [62, 67]. Within this, the key objective appears to be to minimize the energy

expenditure [68]. It can be divided into seven stages, with the transition between

each stage defined by one of seven major gait events. Of these seven stages, four

occur during the stance phase, and three during the swing phase. The loading
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of the leg transpires during the stance phase, beginning with the initial contact

event, and ending with the toe-o↵ event. In this phase, the leg takes on a load-

ing response to the initial contact, before generating the power to propel the leg

through the swing phase and maintain forward momentum of the entire body’s

Centre of Mass (CoM). The resultant force vector within the sagittal plane can be

seen in Figure 2.2a.

The complete nomenclature for these stages and events can be seen in Figure

2.2b, together with the typical timings of the swing and stance phase between the

left and right side, Figure 2.2c. Ordinarily, the stance phase will last for about

60% of the gait cycle, and the remaining 40% will be the swing phase [61, 69].

Whereas the temporal di↵erence in the two phases is relatively equal, Figure 2.2d

demonstrates the significant spatial di↵erence. The entirety of the stance phase

is located on the left side, whilst the swing phase accounts for about 80% of the

cycle. The events of initial contact and toe-o↵ coincide with each other on opposite

sides as a period known as double support. These double support phases occur at

the transitions from stance to swing phase, where weight is shifted from the one

side of the body to the other.

By examining the Centre of Pressure (CoP) in the sole of the foot and CoM

of the body during a single stance phase, the human body appears to move as

Figure 2.3: Simplified sagittal plane movement of the CoM (quadrant circle) and
CoP (grey circle). From a stationary position 1, the CoM shifts forward, signifying
gait initiation. For stability, the CoP moves ahead (A) of the CoM. The CoM is
held within this base of support throughout ambulation, stabilising the pendular
motion. The central nervous system controls the musculoskeletal system such that
this balance occurs seamlessly.
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an inverted pendulum, see Figure 2.3, with double-support denoting transitions

between pendulum swings [39]. This simplified perspective formed the basis of

early walking models to explore the mechanics & energetics of gait and will be

discussed in later sections.

In able-bodied gait, there appears to be some natural asymmetry between the

lower limbs, whether a functional preference based on the physiological motor task

or neurological limb dominance, it is significant in pathological or amputee gait

[71]. For unilateral amputees, the double support period as weight is transferred

to the prosthetic side is comparatively extended with respect to contralateral side,

because of uncertainty in loading the prosthetic [72]. This coincides with preferring

extended loading periods of the intact limb and to lead with the prosthetic side

during gait initiation [70]. Amputees may even find themselves loading the intact

limb during the double support regardless of which leg is leading in gait initiation

[73]. Such phenomena display both a physiological and psychological impact on

the gait cycle due to the amputation of a leg. The amputees recognise a physical

loss in propulsive function, which causes the uncertainty in using the amputated

limb for support tasks.

Whether such e↵ects increase in magnitude with higher walking speeds as seen

in able-bodied walking has been disputed. One study detected reduced temporal

(a) (b)

Figure 2.4: Examination of CoP paths in the transverse plane during gait initia-
tion, taken from Vrieling et al. [70]. On the left, 2.4a, is the typical CoP path for
a healthy individual. On the right, 2.4b, are trajectories of an amputee. Plot A
is when the prosthetic (right) limb leads, and plot B from the contralateral (left)
limb leading. The preference in leading with the prosthetic limb is evident in the
greater control and similarity of a healthy individual.
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asymmetry with increased loading asymmetry on the intact limb when walking

speed increased [75]. Whereas similar research observed a comparable di↵erence

in loading ratio between the two legs, but this was invariant to walking speed [74].

Such observations of asymmetry in the gait cycle of amputees have been doc-

umented in many journal publications. Initial results identified the compensatory

mechanisms undertaken by the contralateral residual limb as an outcome of lost

energy generation from the plantar-flexors during pre-swing [76, 77]. However,

the consensus of e↵ect on amputee health around this time was conflicting. Some

researchers concluded minimal risk of developing degenerative arthritis [78], others

found a positive correlation between larger forces on the residual joints and thus

a higher risk of osteoarthritis [79]. More recent publications have agreed with

the latter, postulating that prosthetic feet with increased push-o↵ power could

moderate the risk of contracting osteoarthritis [24, 80, 81].

It is clear that the amputation of the lower leg, even if only trans-tibial, can

result in significant adaptations to the gait cycle. This incurred loss of propulsion

Figure 2.5: Plots of joint power from experiments on trans-tibial gait with in-
creasing steady-state walking speed [74]. The significant di↵erences in joint power
between the intact limb and residual leg, an expected. All cases follow the typical
responses expected when walking speed increases. Such adaptations in producing
power will be explored further in sections 2.1.4 & 2.1.5
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and asymmetry has links to the development of debilitating rheumatological dis-

eases such as osteoarthritis. Numerous gait metrics have been explored to evaluate

the asymmetry [82], and much research has been conducted to further understand

the mechanisms and characteristics, using combinations of modelling and/or ex-

perimental analysis [83, 27].

The following sections in this chapter will expand on the above. Each focuses

on a particular aspect of biomechanics, with the objective of all to provide relevant

background discussion to assist in the design of prosthetic feet.

2.1.3 Musculoskeletal System & Work

The mechanics of human gait originate from within the brain, using the network

of neural pathways. These transmit signals to the muscles which cause a chemical

reaction at the cellular level, activating groups of agonistic & antagonistic muscles.

The combination of muscular forces creates the moments acting at joints, which

cause the corresponding motion of body segments.

Human gait is complex, the statement directly above covers a fundamental

description of what occurs as a localised event throughout the body. To achieve

bipedal walking, multiple motor tasks are simultaneously completed. A synergy

between muscles occurs, as they generate and absorb energy, committing to the

common goal of locomotion. To better understand this system of energy balance,

researchers have employed a variety of exploratory methods to determine the in-

ternal work. A review of these has been concisely presented in [39], where the

author evaluated the following methods:

• Energy Increases in Segments: - Sum of the increases in segment energies.

• Centre-of-Mass Approach: - Energies of the centre of mass.

• Sum of Segment Energies: - Sum of the energy within each segment.

• Joint Power and Work: - Power and work calculated at joints.

• Muscle Power and Work: - Power and work calculated in each muscle

Each successive method in the list includes aspects of energy balance that the

previous method did not.
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Figure 2.6: Simple diagram representing the potential to kinetic energy transfer
of a frictionless swinging pendulum.

In principle, the entire body or any segment of the body will have three types

of energy:

1. Potential Energy

PE = mgh (2.1)

2. Translational Kinetic Energy

KEtranslational =
1

2
mv

2 (2.2)

3. Rotational Kinetic Energy

KErotational =
1

2
I!

2 (2.3)

As motion occurs, and assuming all energy is conserved and not lost, then the

exchange of these energies will follow a sinusoidal pattern, see Figure 2.6; a plot

similar to that of a swinging frictionless pendulum mentioned in section 2.1.2.

Dynamic Walkers

The CoM approach utilised this pendulum theory to determine the external work

of the lower body acting on the ground. It was suggested that this external

work was imperative to maintaining the CoM pendular motion [84]. Although the

assumption that this method would also represent the sum of segment energies

was later proven false [85]. Whilst the external work could be measured accurately

from the CoM, internal work required calculations of segmental energies summed

together [86].

Passive dynamic walkers based upon the inverted pendulum have been explored

as a method of understanding the classical mechanics of the gait cycle. An initial
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Figure 2.7: A refined concept model of the inverted pendulum theory by Kuo et
al. [87], examining the link between mechanical work done on the CoM and joint
power data. The stance phase is broken up into four subphases that are defined by
a change in sign of CoM work performed. There is a notable metabolic cost in the
step-to-step transition and redirection of CoM, as seen in the collision and push-
o↵ subphases. From this comparison, it can be seen that the rigid body dynamic
model cannot account for all negative work seen on the CoM during collision, the
positive work in push-o↵ can be mostly attributed to the ankle joint.

model was comprised of rigid massless legs with point masses for the feet and

hips. It was found to be stable and judged to be a suitable candidate for further

studies [88]. Using this model for research on external work, individual rather

than previous combined limb calculations [84, 86] were found more accurate for

estimates during double-support due to simultaneous positive and negative work

performed in the legs [89]. The CoM velocity is redirected downwards to initial

contact, upon which negative work is performed, requiring large positive work to

redirect the CoM velocity. It is suggested this external work is a major determinant

in step-to-step transitions [90].

The addition of a toe-o↵ impulse was found to improve energetics, reducing the

collision loss, and further supporting the individual limb theory [92]. Comparisons

to experimental data and more complex models have supported these findings and

reinforced the passive/active dynamic walker model’s use in understanding the

simplified mechanics of gait [87]. One such study cross-examined experimental

data with models to show that the ankle joint accounted for the majority of positive

work, whilst indicating passive tissue is responsible for much of the negative work

[93].

A detailed collisional model proposed a rolling shape would reduce collisional
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costs, and that legs should be modelled with elastic behaviour [94]. Rolling foot

shapes of a particular radii were later experimentally proved to reduce step-to-step

transitions [95]. This reduction in negative work could also overcome the loss of

active positive work with fixed ankles [96]. Further to this, it appears the length

of the arc has more e↵ect than the arc itself due to reducing the collisional work

[97]. In amputees, the step-to-step transition cost was found to cause increased

energy consumption due to the lack of positive work in the trailing prosthetic limb

[98], an e↵ect that could be mitigated through an active component [92], or the

use of roll-over shapes [95, 96]. This will be discussed further in section 2.2.

Adding a spring to the model made some significant changes, suggesting that

Figure 2.8: Comparison diagram demonstrating the similarities of a dynamic walk-
ing model to a dynamic walking human [91]. During single-support phase, the in-
verted pendular motion carries the CoM over into double-support. Negative work
is done as the leading leg hits the floor, and with positive work from the trailing
limb, the CoM is redirected into the subsequent single support. This dynamic
model solves the paradox of passive pendular walkers assuming no positive work
is completed.
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walking gait was closer in nature to a bouncing running gait. Energetics of walking

may be more dependant on the ability to elastically store energy during double

support, rather than following the inverted pendulum arc [99]. Although too

much flattening of the CoM displacement has been shown to enact increased en-

ergy expenditure [100]. The gradual changes to the dynamic walking model have

facilitated its development into a comprehensive tool that can e↵ectively model

and predict gait mechanics [101]. With more recent adaptations extending their

e�cacy in examining asymmetric characteristics of gait [27].

Whilst these passive models have demonstrated their ability in analysing the

sagittal plane, experiments have shown neuromuscular control in the medio-lateral

planes to be important [102]. There are other areas where their elegant simplicity

cannot explain all the complexities of walking. Single support estimates should be

used with discretion due to the increased angular displacements in relation to the

CoM [89]. By not considering kinematic and force trajectories as determinants of

gait, the dynamic walker models suggest that singular optimum patterns for these

could be inconsequential [91]. Such a view is supported by experimental work

that discovered the gait cycle can be continuously optimised to improve energetic

expenditure [103]. Although e↵ective at analysing external work and mechanics,

the dynamics walkers are unsuitable to estimating the musculotendon work that

would allow an understanding of how such adaptations can occur. Appropriate

use of them would be in conjunction with a model that calculates the muscle

work directly, although joint estimations may be considered as a suitable alterna-

tive [104]. Research work on models that can calculate muscle work will now be

discussed.

Musculo-tendon Contribution

The tendons and muscles have a synergistic partnership in producing the en-

ergy required to move the limbs. Much of the knowledge on tendon behaviour

is founded upon studies using combinations of in-vivo and in-vitro avian experi-

ments. These discovered that the elastic properties of the tendons are independent

from the muscles, which makes them suitable for storing elastic energy in a con-

trolled stretch-recoil cycle [105]. It has also been proved that this ”separation”

assists the muscles in generating e�cient force and thus reduces the amount of

positive work the muscles must undertake [106, 107, 108]. Further to this, the

muscle’s functional range is extended as the action of muscle fibres is uncoupled

from the motion of the segments, allowing the muscles to operate isometrically

[109].
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Figure 2.9: Plots of power and element length change for muscles and tendons in a
model of a single contraction during steady-state running (left), and acceleration
(right) [109]. Whilst a simplified model, the results highlight the tendon’s ability
in producing mechanical power independently, and in improving the e�ciency of
the muscle.

Interestingly, it is believed that a spring-like bouncing mechanism described

by the dynamic walking models [99] is not an e�cient analogy to describe the

elastic recoil, which is more akin to a catapult action [110]; this will be expanded

upon in Section 2.1.6. Additional research proposes that both models are valid as

a bouncing running gait requires a more compliant spring action. The duality of

these models is made possible by the tendon sti↵ness adapting to aid the muscles

in completing the desired locomotion [111].

To facilitate the discussion on muscles contribution, it is useful to place the

muscles into groups, and then collect those into the category of upper or lower

leg; Table 2.2 summarises these groupings. Within the upper leg classification,

the groups are formed of individual muscles that can be combined into the larger

named group. Conversely, the lower leg groupings are based on their contribution

to one of the two sagittal plane motions of the ankle, seen in section 2.1.1. Some

muscles in these categories will be bi-articular, their connection to the skeletal

frame will stretch over more than a single joint. For example, the Hamstrings will
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Table 2.2: Muscle Groups

Upper leg Lower leg

Iliopsoas Plantar-flexors
Hip adductors Dorsi-flexors

Gluteal
Quadriceps
Hamstrings

cross over both the hip and knee joint. Nonetheless, the groupings used here are

suitable to define their role in locomotion and discern the e↵ect of their absence

when the limb is amputated; a discussion held in section 2.1.5.

Analysing accelerations of the trunk and segmental energy has shown the

plantar-flexors provide support and forward progression of the trunk and leg,

whilst also contributing to swing initiation [112]. Their support role starts in

early mid-stance, switching to forward progression in pre-swing. Early stance

braking and forward progression is then moderated by muscles in the gluteal and

quadricep groups [113].

Such contributions to support and forward progression are also seen when

analysing the acceleration of CoM, calculated from the ground reaction force. At

initial contact, the dorsiflexors may provide brief support, which is then transferred

to the gluteal and quadriceps as observed in [113]; this is seen as the first peak of

the vGRF. Support is then continued through midstance into pre-swing, where the

plantar-flexors take over, producing the second vGRF peak [114, 115]. Likewise,

the negative portion of the anterior-posterior can be proportioned to the muscles

that aid in deceleration, whilst the positive section is distributed by the muscles

providing forward progression [18]. Changes in the ground reaction force when

walking speed is varied, can be attributed to adjustments in peak forces and

contributions of the muscles, due to the new motor requirements [116].

Modular control of walking has provided similar insights. In early stance the

gluteal and quadriceps muscles provide body support, which is taken over by the

plantar-flexors in late stance together with forward progression. The plantar-

flexors are aided in initiating leg swing by the iliposoas, with deceleration con-

trolled by the quadriceps and hamstrings [117]. Such a control system is supported

by a study which discovered the work contribution of muscles does not change but

rather scales with walking speed [118].

However, this analysis and others that make observations in the sagittal plane
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Figure 2.10: Diagram that illustrates the contributions of muscle modules to four
phases of the gait cycle [117]. Whilst many groups are acting in early stance, it is
the plantar-flexors in module 2 that have the largest role in late stance.

cannot account for control needed in the mediolateral control [119]. It seems that

the major muscles that provide support and forward progression in the sagittal

plane, also aid in mediolateral control of the frontal plane with the hip adductors

[120]. A cursory overview of these muscle contributions can be seen in Table

2.3. Evidently, the muscles groups of the lower leg are active in almost every

event of the stance phase in the gait cycle. The dorsiflexors are dominant in early

stance, decelerating the leg and transferring energy proximal to the trunk. In late

stance, the plantar-flexors provide the support and forward progression required

as precursors to swing initiation.

As a collective, the muscles of the lower body produce the forces and stabili-

sation for e�cient locomotion in the gait cycle. Understanding this coordination

requires models that can accurately determine forces produced by each muscle,

through which exchanges of segmental energy can be determined, providing in-

sights into the energetics of the gait cycle [121, 122]. In general, it is appropriate

to use modelling results for understanding muscle behaviour, but to acknowledge

the significant limitations whilst doing so. Various methods and inputs have been

used to di↵erent e↵ects [123, 124, 125]. These models will conflict in the structure

of their musculoskeletal representation and thus the muscle contributions they re-

port[126], particularly with amputees where many researchers have not adapted

the model to su�ciently represent the biomechanics of prosthetic users [127]. Such

errors only add to the current misappropriations and generalisations that can ob-

scure evaluations of the metabolic expenditure of amputee gait [128].
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Table 2.3: Muscle Contributions to gait events

Muscle Groups S FP SI B MC SL

Upper Leg

Iliopsoas � �
Hip adductors �
Gluteal muscles � � �
Quadriceps � � � �
Hamstrings �

Lower Leg
Plantar-flexors � � � � �
Dorsiflexors � �

Column headers denote events of the gait cycle muscles contribute to the stance
phase events: Support(S), Forward Progression(FP), Swing Initiation(SI), Brak-
ing(B), Mediolateral Control(MC). Some of these muscles also contribute in aiding
Swing Leg(SL).

2.1.4 Kinetics & Power

The preceding subsections of this chapter have already covered many relevant

terms used in describing the kinetics of human gait. In exploring the step-to-step

transition metabolic cost, researchers have examined the collisional and propulsive

reaction forces. These act from the CoP located on the sole (plantar) of the foot;

the location of which moves throughout the stance phase, as seen in Figure 2.4a.

More commonly referred to as the GRF, this vector is the reaction sum of all

forces the body imposes on the floor and is said to pass through the CoM. It is

through these forces, originating in the muscles, that the motion of the lower limbs

is achieved. Chapter 5 will explore the measurement of these forces in more detail.

This section will investigate the analysis of these forces in understanding the gait

cycle mechanics.

The GRF vector can be broken up into three components; a normal vertical

force, and two shear forces referred to in this thesis as the anterior-posterior, and

medio-lateral forces. From a simplified perspective, the entire vector is the sum of

all body segment mass-acceleration products. Thus, for N segments, the reaction

force in the x-direction can be given as:

Fx =
NX

i=1

miaxi (2.4)

However, as has been explored in Section 2.1.3, it is not possible to determine the

role of individual segments from metrics derived with the GRF without additional

calculations and data. Many segments will have actions that will counter each

25



CHAPTER 2. LITERATURE REVIEW 2.1. BIOMECHANICS

Figure 2.11: Three components of the GRF vector, data is from Whittle’s book on
Gait Analysis [61]. From the top: Medio-lateral, Anterior-posterior, and Vertical
forces. The abbreviations at the top of the figure coincide with the gait events in
figure 2.2b.

other and cancel out their respective summation.

Despite this, it is still possible to use the GRF as a tool for gait analysis, as

long as the limitations are acknowledged. The plots in Figure 2.11 are typical of

recorded forces in able-bodied gait. The medio-lateral component is smallest of

the shear forces. It is unique in that the sign convention shifts across each foot

rather than repeat, illustrating the displacement of CoM from one side to the other.

Despite quite often being disregarded in analysis, a study found that it signifies an

important metabolic cost in controlling lateral balance of the CoM, as muscles will
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oppose each other in contributions [129]. It appears that amputees have increased

step width variability, suggesting di�culty with such lateral balance [130].

The second shear force acts in the anterior-posterior direction. In the first half

of this component, the force is negative, denoting the braking applied at initial

contact. This progresses to a positive force as the heel rises, culminating in a peak

that signifies the power generated in pre-swing. Studies on hemiparetic walking

have shown the plantar-flexors to be the significant contributor to the anterior-

posterior force [131]. Indeed, this has been verified with a study which cross-

correlated the GRF with electromyography data [132]. A loss of the propulsive

force has been shown to increase the hip muscle moment, which raises the risk of

developing injury in that joint [23].

The normal, vertical force has a characteristic double hump. It is fitting to

recognise that when standing still the vertical force is simply the body weight,

and the inertial forces occurring throughout the gait cycle produce the peaks and

trough. From initial contact, a sharp rise occurs as the CoM drops and weight is

accepted onto a single leg, causing the first peak. In midstance, the CoM rises as

it is carried over the CoP, creating an upwards inertial force, hence the drop in

vertical GRF. Finally, the propulsive forces in late stance add to the body weight,

generating the second peak. The external knee adduction moment is a strong

index of weight distribution, with the waveform bearing similarity to that of the

vertical GRF. In trans-tibial amputees, these unbalanced reaction force and knee

moments have strong correlation to the risk of developing osteoarthritis in the

joint [24]. Further to this, by analysing the vertical reaction and corresponding

CoM work rate, the reduced push-o↵ on the amputated side results in greater

contralateral limb collision [83].

A cross-over between legs is evident where a portion of the leading leg could

be superimposed with the trailing limb to provide an absolute value. In section

2.1.3, it was seen that disputes arise on whether calculations of external work

should include both legs [84, 86], or just the trailing leg [89]. Data gathered in a

biomechanics lab will be examined in Chapter 5, where this will be analysed and

compared to the empirical studies.

E↵orts have been made to provide a set of metrics that can be derived from the

GRF data as an alternative to analysing the force waveforms themselves. One such

attempt devised a list of eight and explored their viability in gait analysis [133].

Some of these seemed to focus on the alignment and interface of the prosthetic with

the residual leg, whilst others were deemed ine↵ective in producing any valuable

insight. Of the eight explored, the following appeared to be somewhat useful:
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• Time ratio between legs: Indicate a preference to use a certain leg for

support.

• Vertical impulse ratio between legs: Can provide a stronger qualitative

measure to compare to the above time ratio.

• Anterior-posterior impulse ratios: Braking ratio can indicate confidence

in the prosthetics ability to take on initial contact, whilst the propulsive

ratio can reveal the mechanical performance. An absolute ratio will reflect

on e�cacy of the prosthetic.

• Perturbations of the prosthetic apGRF: Evaluations are made on the

visual inspection of the data and the identification of errors.

• Phasic time between braking & propulsion: Provides an alternative

measure to compliment analyses made with the impulse ratios.

• Peak forces of the vGRF and apGRF

Researchers appear favour analysing impulses as a gait metric. In examining

the gait of elderly trans-tibial amputees, the knee joint impulses and reaction forces

on the intact side had a significant correlation with increased tendency to develop

osteoarthritis [79]. Braking and propulsive impulses show a positive correlation

to walking speed, with the braking impulse having a larger e↵ect size [134]. This

would be expected as walking at a faster pace would require greater control at

initial contact to ensure stability is maintained.

Many studies have concentrated on evaluations made from data collected dur-

ing steady-state walking. However, experiments with able-bodied individuals have

shown that whilst the within-subject variability of the GRF can be low, there is

high variability in the moment patterns of the knee & hip joints [63]; which im-

plies a range of neuromuscular activity can produce the same kinematic response.

Further to this, many studies on healthy gait have small sample sizes, thus gen-

eralised conclusions applied to a broad population could be discredited [135]. In

recognising this, the analysis of gait initiation has been proposed as it represents a

transient period of the gait cycle that requires e�cient coordination of the neuro-

muscular system, and thus any deficiencies can be promptly identified. Through

examining the timing and peaks of the vGRF and Anterior-Posterior GRF (ap-

GRF), amputees preferred to use their intact limb for support and loading [73].
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Some researchers argue that analysis in the time domain is unsuitable due to

the intra-subject variability. A method of analysing the symmetry of the GRF

in the frequency domain was explored. The harmonic analysis found there to

be no variability between the left and right sides, although the temporal-force

measurements of the medio-lateral force were inconsistent [137].

The use of principal component analysis (PCA) has also been explored as an

alternative method to analysing the temporal-force domain. It has a similar bene-

fit to frequency analysis, as it produces a smaller set of dimensionless parameters,

whilst retaining the variance of the real dataset. The basis of this method is simi-

lar to one which compared the eigenvectors of joint waveforms to assess symmetry

[138]. In the examination of vertical GRF, the PCA method was able to identify

variance in step-to-step transition, and then di↵erentiated the group it was at-

tributed to [136]. This success also led to its use in a study in which it identified

Figure 2.12: Plots taken from the PCA evaluation of vertical GRF [136]. From
the top-down: the waveform of a control group (CG), the waveform of the target
group (TG), plot of the first (solid) and second (dotted) principal components,
spread of data between groups CG (dots) and TG (stars). Large negative and
positive amplitudes in the first principal component denote a push-o↵ deficiency
for the TC which a↵ected both limbs.
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deviations in the timing and amplitude at push-o↵ [139]. That particular study

also incorporated it with a support vector machine, a type of machine learning

algorithm. A modification which allowed for the data to be quantified with less

involvement from the researchers.

Classical analysis methods of identifying key variables of symmetry are still

successfully used. However, they require significantly more preliminary work and

additional input from the rater; which ultimately results in a longer and more

convoluted process [140]. In the assessment of trans-femoral amputees, the PCA

method was able to identify and explain 74.5 - 93.9% of the variance in the data.

Furthermore, what was detected as abnormal in the waveform is not targeted in

the commonly used methods [141].

There is a lack of clarity with regards to the symmetrical nature of kinetics in

able-bodied people. It seems to be dependent on the sample taken, and methods

used in the analysis [71]. For amputees, the loss of important muscles has a direct

e↵ect on the ability to generate similar GRF profiles. These force profiles can

indicate general performance of an individual’s CoM throughout the gait cycle.

With improvements to analytical techniques, it is now possible to provide e�cient

evaluations of performance. Such analysis can be expanded to calculation of forces

in individual muscles; a method recommend to gain complete understanding of the

energetics. However, it has been found that similar force profiles can be generated

with varied joint moments [63]. Thus, the notion of motor redundancy should be

explored in order to understand how the body will adapt to changes brought on

in the amputation of the lower limbs.

2.1.5 Motor Redundancy & Kinematics

Motor redundancy is a well-studied problem of human motor control. At the start

of Section 2.1.3, a concise description was provided on the principles of muscle acti-

vation. In the study of how the central nervous system decides on these activation

patterns, researchers have come across the problem of motor redundancy. This

topic could merit an entirely separate research thesis in itself, so in this section the

explanations will avoid in-depth detail, serving only to provide a rationalisation

for the research contained within.

From a mechanics perspective, motor redundancy refers to the issue of excess

degrees of freedom (DoF) existing in the completion of a simple motor task. Con-

sider the task of picking up a pen from any surface. Theoretically this can be

achieved in an almost infinite number of ways. The body has multiple redundant
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DoF, such as the anatomical muscles & joints, or the kinematic waveforms. The

question is how the nervous system eliminates these redundancies to arrive at the

control solution [142].

An extensive study with healthy subject found that despite generating simi-

lar GRF and kinematic patterns, the high variability of hip and knee moments

led researchers to believe that a range of these moment patterns can create near

identical joint angle patterns [63]. This area of interest was expanded and discov-

ered that the hip moments are under consistent modulation throughout the gait

cycle to maintain balance of the passenger unit. However, support must also be

ensured and thus the knee moments will covary with opposite polarity. There is

also evidence that the central nervous system (CNS) will favour motor patterns in

which a maximal amount of energy is conserved between segments [143]. It is also

possible that this ability to adapt is not hampered by a trans-tibial amputation,

at least in terms of achieving step length symmetry [144].

In the gait of amputees, the high variability of the hip and knee joint moments

appear to hold a key role in their adaptation strategies [145]. With the absence

of push-o↵ power generated by the plantar-flexors, an amputee will compensate

with increased hip activity [76], see joint moment plots in Figure 2.13. It is

also suggested that such an adaptation be strengthened by rectifying the lack of

propulsive forces from the absent muscles [4].

This could be achieved with passive prosthetics and improving the residual hip

output. It seems that the residual leg is capable of compensating when coupled

with a passive energy restoring prosthetic [146], as even increased walking speeds

failed to worsen the asymmetry [74]. The amputation and resulting compensatory

methods lead to increased collisional CoM work & motion asymmetry, due to the

loss of push-o↵ power and loss of control. [83]. It was suggested that su�cient

additional positive work in the hip would return some symmetry.

However, the implementation of compensatory strategies has been shown to

vary between studies. When unilateral trans-tibial amputees have generated sim-

ilar kinematic profiles, it was achieved without using the knee joint. The residual

knee moment was not extensor during stance, and this vertical alignment reduced

the braking and propulsive forces [147]. It is possible this occurred due to the loss

of muscles that usually provide rigidity about the joint. Most interestingly, this

shift to a proximal power generation and sti↵ening of the knee has been seen in

the gait of healthy older adults [148]. This indicates that the adaptation strategy

is a natural optimisation route formed by the neuromuscular system. A detailed
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musculoskeletal model used in a forward dynamics simulation was also able to

match kinematic profiles, but this required non-amputee muscle activation pat-

terns and was thus deemed non-optimal [149]. Indeed, it appears to be impractical

to achieve both kinetic and kinematic symmetry [151]. Attempting to optimise

kinetic symmetry with a model was somewhat successful in reducing the joint con-

tact forces of the intact limb. The symmetry gained came at a cost of increased

energy cost and abnormal kinematics, with a diminishing return when attempting

to completely match the joint moments [150].

Conversely, a separate study declared asymmetrical gait, where the hip and

knee actions significantly di↵er from normal values. Although the general causa-

tion (loss of ankle power) and end e↵ect (modulated residual joint moments) was

the same [152]. When mass perturbations were introduced into the gait cycle of an

amputee, they appeared to take on the same kinematic invariant strategy during

the swing phase [5]. At the time, the e↵ects of such changes on the energetics were

Figure 2.13: Joint moment profiles for an amputee (dashed) compared against an
average for normal (solid), with dotted lines representing the standard deviation
[4]. Note the larger hip moment compensating for the reduction of power produced
about the ankle.
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unclear with only suppositions that energy costs do not drive swing mechanisms,

or that the action was behavioural in nature. Extensions to this study have de-

termined that attempting to match the prosthetic limb with the intact limb has

negative results [153]. The amputees had increased temporal asymmetry, and the

same kinetic joint symmetry as previously reported [5]. However, the results sug-

gest that this required considerably more muscular e↵ort. Possibly because the

(a)

(b)

Figure 2.14: In the top figure the plots are of joint contact forces against %
gait cycle, under the di↵erent model solutions. The blue plot represents able-
bodied gait, whilst the others are the amputee symmetry optimisations; in order
of symmetry: black, red, green. The lack of push-o↵ force caused higher contact
forces in the intact limb joints. Also of note is the degree of symmetry needs to
be controlled as the contact force become unsuitable is the aim is too high. This
is clear in the bottom figure where the weighting of the objective function has a
negative trend with asymmetry, at the cost of increasing the metabolic cost and
e↵ort [150].
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soleus muscle is the major muscle involved in the modulating the leg in response

to perturbations [154]. With it missing due to amputation of the lower leg, other

muscles compensating do so in an ine�cient manner from their usual role.

Most adaptations appear to reduce the loading on the residual limb, which

then causes the higher loads on contralateral side, corresponding to higher rates

of osteoarthritis [6]. The CNS is not capable of recognising these long-term e↵ects,

but it does seem capable of providing functional adaptations, and symmetry may

not be a necessity.

Gait initiation is again a useful transient period in which to evaluate motor

adjustments to gait. Amputees will employ di↵erent motor strategies to achieve

the same propulsive force initiation goal. When the prosthetic side initiated the

step, the inability of the prosthetic in generating any of the early propulsive forces

resulted in the intact limb taking longer to execute gait initiation after the CoP

had shifted to the stance side. When the initiation was with the intact limb, it

took longer for the amputees to shift the CoP balance onto the prosthetic. Despite

these di↵erences, the velocity at the end of the step was the same regardless of

which limb initiated, highlighting the ability to adapt the propulsive forces [155].

It is clear then that the CNS is quite capable of managing multiple simulta-

neous controls to complete motor tasks in the gait cycle, and when confronted

with a new normal, adapting these controls in an attempt to overcome deficiencies

[142]. With the control coming from muscle activation patterns, and variations

in the success, it has been important to understand how these are selected. Re-

searchers have taken on this problem from a mathematical perspective, studying

optimisation models that minimise biomechanical objective functions. A shortlist

defined three objective functions that would be determine the muscle activation

patterns, these were; Metabolic energy expenditure, Muscle fatigue, and Sense of

perceived e↵ort[156]. It seems to be that minimising the energy cost is particularly

important, being pursued even when the positive gains are minimal [103].

Such optimisation methods have been criticised, due to the opinion that the

constraints they apply in solving the problem, prevents the complete understand-

ing of the full motor control system [157]. The modular control system [117],

previously mentioned in section 2.1.3, has been shown to alter the excitation of

muscles within modules in response to new demands [158]. These results provided

a theory which suggests the modules will be favoured in exploring new adaptive

motor control. However, this has doubts as swing leg adaptation patterns have

been shown to deviate from the standard module groupings [159].
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Figure 2.15: Figures displaying the adaptive capabilities of the motor system [159].
The top set of figures show the trajectories of the subject’s foot; a baseline mea-
surement is used for comparison. Whereas the initial trials show large variation,
by the end of the experiment, the subject has adapted to the new pattern with a
comparable margin of error to the baseline. The learning process can be tracked
in the bottom two plots of variability and error.

The method in which the joints and muscles have been shown to compensate

for each other has given rise to various motor control theories. The ’uncontrolled

manifold’ approach has gained the most traction since it originated. This theory

works on the idea that rather than solving for a motor redundancy, the problem

should be thought of as a motor abundance [160]. A motor task will have a

’uncontrolled manifold’ in which all possible kinetic & kinematic variances that

can achieve the task exist. The CNS then stabilises the system within the bounds

of these variances in order to achieve the end goal [161].

Whilst studying the adaptation when fitted with a new prosthesis, researchers

indirectly discovered the mechanics of this process [162]. The extent to which the

step patterns fluctuated varied between each data collection session, an appar-

ent reaction to adjusting to new DoF. Furthermore, the prosthetic ankle was the

primary source of fluctuation, suggesting that better controlled prosthetic would

improve coordination of the DoF [162]. It is also possible that the continuous pur-

suit of optimal energy cost occurs as part of the exploration into the uncontrolled

manifold [103].

The control scheme of the musculoskeletal system is clearly adept in compen-
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Figure 2.16: The activation of di↵erent ankle joints at three key stages of the gait
cycle [163].

sating for significant changes brought about by an amputated limb. It appears

to favour invariant kinematic patterns but is capable of learning new pathways.

However, these adaptations come at a cost of unfavourable joint kinetics, which

leads to a higher risk of osteoarthritis. The exact mechanism in which the CNS

determines the muscle activation patterns is somewhat unclear, although minimis-

ing the metabolic cost appears to be a significant condition. Due to the loss of the

plantar-flexor muscles, those in the upper leg take on a larger role in providing

support and propulsion. The ankle-foot complex is a well-studied area due to its

apparent importance in gait mechanics, and as such deserves some focus in the

next section.

2.1.6 Ankle-foot Complex

The capabilities the lower limbs have demonstrated in the research is indicative

of a sophisticated biological system. Of all the ”subsystems” composing these

appendages, the ankle-foot system has shown particularly impressive characteris-

tics. As a segmental structure of complex joints, it is capable of adjusting the axis

position and coupling rotational motions to perform simultaneous poses across

multiple planes [69]. A four-link segment model has been used to demonstrate the

adaptability of the structure. The combination of three joints allows for combined

3D rotations (see Figure 2.16), which is used to activate di↵erent segments from

early-to-late stance. This pseudo-flexible state reduces the GRF moment arms,

enabling the muscles to optimise their mechanical e↵ort to a high e�ciency [163].

A comparable level of performance has also been seen with a reduced three link

segment model [164]. It appears that the ability to adapt in more than just the

sagittal plane is a baseline feature requirement of the ankle-foot complex.

In section 2.1.3, the mechanical characteristics of the tendons were highlighted,

and these specialised biological structures are fully utilised in the ankle-foot com-

plex. The plantar fascia is composed of the same fibrous connective tissue which
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is capable of adjusting the sti↵ness to suit particular phases of gait [165], such as

providing stability during balanced standing [166], or acting as a lever transferring

the propulsive force into the ground [167].

In vivo methods were used to record the Achilles tendon force and scan the

fascicle lengths of the medial gastrocnemius and soleus [110]. The results displayed

the tendinous tissue stretching slowly throughout early to mid-stance, after which

they rapidly recoiled at the onset of the push-o↵ event. However, the muscles

act isometrically during this tendon activity, indicating that they are unable to

contribute to work [108]. From this, it was suggested that walking can be modelled

as an elastic recoil catapult action, possible due to the coupled nature of the

tendons and muscles [110].

Under focused examination, the Achilles tendon demonstrated specialised com-

pliancy to suit particular gait tasks and was thought to contribute to optimising

muscle e�ciency [111]. An experiment using exoskeletons produced evidence to

support this theory, where attempts to improve the lower limb joint e�ciency hit-

ting limits due to the natural biological advantage. When delivering 22% of power

across joints, the exoskeleton only achieved a net metabolic saving of 10%, which

indicates the Achilles tendon as a significant contributor to the push-o↵ phase of

stance [168]. The e�ciency of the ankle joint is also higher than that of the knee or

hip. Due to the smaller articulation and shorter tendon tissue, the more proximal

joints are unable to utilise the e�cient stretch-recoil cycle of the tendons. This

explains why the metabolic cost of walking increases when the mechanical work

is redistributed to other joints [21].

It appears that delivery of power stored in the tendons is important to econom-

ical gait as a way of progressing the CoM and counteracting the collision losses at

heel-strike [169]. In addition to this, the timing of the power release is critical -

perhaps more so than amplitude of the power itself [170]; see Figure 2.17 where

results show an increase of power just from suitable timing. Both parameters are

intrinsically linked to the collision losses at heel-strike, and redirection of the CoM

mechanics.

Other modelling and experimental work have demonstrated how the ankle

joint assists in this forward re-direction of the CoM velocity, which is essential in

reproducing the characteristic rocking motion. [93]. The same research further

suggested that the collision work is predominantly conducted by passive tissue.

When the heel structure was studied, the biological coupling of the fatty tissue and

connective fibres had beneficial impact attenuation and energy storage [171]. This

passive behaviour would explain why little power is transferred forward during heel
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strike, instead being used to support the transfer of vertical mass [22]. Following

this braking period, the catapult stretch-recoil pattern is seen in power analysis,

which indicates a quasi-uncoupled nature between heel-strike and ankle power

generation. Such behaviour would suggest that the CoM is less a↵ected than

previously determined in dynamic walking models. But this unexpected outcome

can be suitably explained when considering the localised acceleration of the limb

would aid in the full body CoM mechanics [20].

For the sake of improving computations, it is common to try and reduce the

unknowns by combining structures. In the foot this would be the bones comprising

the tarsus, metatarsals, and phalanges. However, removing some of these struc-

tures from rigid body models can cause irregularities in joint power estimations,

and these additional segments are needed to capture accurate behaviour of the

ankle-foot complex [173]. It has also been argued that models using anatomical

representations of the ankle-foot do not consider how motion with a prosthetic

foot is inherently di↵erent to that of a biological system [174]. Thus, care must

be taken when using such techniques to inform design optimisation. Neverthe-

less, combining di↵erent models can allow researchers to understand how di↵erent

structures contribute to the overall output. Whilst the ankle joint is definitive

in being the primary source of power, the distal foot structures are adept at ab-

sorbing energy. When the two models are combined, the ankle-foot complex is

comparable to a mechanical spring due to the work ratio - see Figure 2.18 [172].

Figure 2.17: Results from a study on the timing of energy release. The colours
used represent di↵erent timings as can be seen on the horizontal axis. The research
identified a release close to contralateral heel strike to be the most optimal for
reducing collision losses and metabolic rate - see the green (middle) data set [170]
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To overcome this, novel solutions have been developed. Rather than recreate an

anatomical representation with segments, researchers have replaced the structure

below the knee with a deformable component. This model was able to deliver a

total power comparable to that of the anatomical segment models [175]. Although

its simplified nature can conceal isolated e↵ects and sources of power, results from

other studies suggest this loss would have more e↵ect on pathological gait analysis

[173].

Hysteresis loops of ankle moments and angles demonstrate the quasi-sti↵ na-

ture of ankles. It has been suggested that a passive device would be capable of

Figure 2.18: Both figures are taken from the study on combined models to capture
distal structure behaviour [172]. In the top plot of maximum power, the Ankle
Joint model in red and Distal Foot model in blue, are compared to the combined
model. A significant portion of negative work appears to be completed by the
distal structures, enough to have an e↵ect on the combined work ratio. In the
bottom plot, this ratio is less than 1 for three of the four recorded statures.
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replicating behaviour up to normal walking speeds [176], after which the behaviour

changes - see Figure 2.19. Such a device would need a rotational spring or have

a structure capable of reproducing the same behaviour. The work on rollover

shapes has demonstrated that a relatively simple curved shape can contribute to

replicating some of this complex rotational action [95], and somewhat negate the

loss of power [96].

The terms ”sti↵ness” - referring to the impedance of a system, and ”quasi-

sti↵ness” - related to the derivative of the ankle angle-torque curves, are com-

monly used as performance metrics of prosthetic feet. A research group using

inverted pendulum and bipedal models studied the definitions of these terms. For

passive feet, the quasi term is redundant as the two sti↵ness definitions are equal.

The modelling also confirmed that the angle-torque relationship does not match

the sti↵ness, and suggested that the mechanical sti↵ness, not quasi-sti↵ness was

key to understanding the dynamics of gait [44]. Following on from this study,

experimental data was collected to analyse the ankle sti↵ness, and establish a lin-

ear regression model that defines the sti↵ness as a function of ankle angle. The

relationship was found to be quadratic with an R
2 = 0.98 [45]. This ankle sti↵-

ness function would make it possible to tune a series sti↵ness element that would

e�ciently recreate the passive elastic behaviour of the ankle-foot complex.

To o↵er an adaptable series sti↵ness during stance has been demonstrated as

beneficial in other modelling e↵orts, where suitable control of elasticity and timing

aids in the mechanically economical walking [177]. For control of the timing, it

was suggested that the optimal ration of foot length to sti↵ness be used, which

would time the release of energy with contralateral heel-strike and redirect the

Figure 2.19: Plots of ankle quasi-sti↵ness through-out stance. With normal walk-
ing speed on the left, and fast on the right, there is a clear di↵erence in behaviour.
Normal walking is almost linear, whilst fast has a steep controlled dorsiflexion in
which energy is stored [176].
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CoM velocity forward.

Some research has dedicated attention to quasi-sti↵ness profiles for mechanical

optimisation of prosthetic feet. Statistical models have been created to estimate

the quasi-sti↵ness and mechanical work of the ankle during stance. With two

forms, one general and the other stature-based, the models were able to predict the

two parameters with reasonable R2 values of > 75%, for error values between 13%

and 30%. Indicating that these models could be used to tune a mechanical spring

at self-selected gait speeds [178]. However, the fit of data to average values outside

of the sample group revealed much larger errors due to the regression-based models

being tuned only to their sample group. Similar studies on quasi-sti↵ness profiles

have also identified the e↵ect of gait speed, specifying linear elastic behaviour at

preferred speeds [179]. However, these types of studies will also attribute power

absorption characteristics to the ankle, which could be ignoring the contribution

of distal structures [172].

2.1.7 Summary

This section has covered key aspects of biomechanics necessary to understand

the functionality of the lower limbs and ankle-foot complex. The musculoskeletal

system is capable of highly e�cient work output, utilising specialised tissue like the

Achilles tendon to provide important power absorption and generation throughout

stance. Varying adaptation strategies are seen after amputation, and literature is

agreed in the use of linear springs for self-selected gait speeds. In the next section,

the review will explore how such understandings have influenced the design of

prosthetic feet.

2.2 Prosthetic foot design

2.2.1 Early passive prosthetics

Originally, energy storing feet were designed for sports, but research led to adap-

tations suited for normal walking [180]. The earliest of these designs, termed

Dynamic Elastic Response feet, borrowed the flexible keel and merged them with

the cushioned heel of Solid-Ankle Cushioned-Heel (SACH) feet, see Figure 2.20

[181]. This was in an e↵ort to extend the roll-over shape with the additional fore-

foot sti↵ness [182]. Soon enough designs that could be recognised as a modern

example were developed, utilising a spring keel and heel typically constructed from

composite materials to improve the viscoelastic response under load [181].
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Initial studies noted increased energy return compared to SACH feet as ex-

pected, but little else of significance [183]. It was suggested that the energy storing

foot had less resistance to dorsiflexion, which resulted in closer to normal dynamics

on the prosthetic side [184]. Research into sound limb loading of these feet found

more symmetric vertical ground reactions forces, leading to decreased loading on

the sound limb [185]. It was thought that the increase of controlled dorsiflexion

prevented the centre of gravity from rising.

Due to the growing interest of theses designs, studies were completed on a more

expansive range of feet. Despite the poor sample size of a single subject, subject-

specific tuning was highlighted when the subject indicated a preference towards

higher energy absorption rather than generation [186]. It is di�cult to judge the

validity of these early studies, due to insu�cient sample groups or inaccurate

analysis. Such issues would explain discrepancies between conclusions of similar

studies [187], and the inability to find significant di↵erences in varied designs [185,

188, 189].

The inconsistencies in energy storage analysis were problematic, and depending

on the research method, a foot could be top or bottom of the ranking. Part

of the issue was confusion with terminology and disagreement on how energy

should be quantified. Many early designs treated the heel and keel energetics as

separate, whereas redirecting the energy forward from heel contact was suggested

as a potential benefit [181]. This is where the terminology for these designs to

switch to Energy Storage and Return (ESAR) feet.

Further reviews into the analysis of these early designs revealed positive e↵ects

on the restoration of energetics for active gaits. Primarily, this was increased self-

selected velocity, reduced loading on limbs, and improved push-o↵. However, less

active amputees did not see these benefits, possibly due to the increased shock in

Figure 2.20: Cross sections of early energy-storing prosthetics that utilised a soft
heel and flexible keel spring. In order of alphabetical notation: Seattle Foot,
Dynamic Foot, STEN Foot, SAFEFoot, Carbon Copy II Foot [181].

42



CHAPTER 2. LITERATURE REVIEW 2.2. PROSTHETIC FOOT DESIGN

the heel and inability to su�ciently load the keel for elastic return. Analytical

techniques such as treadmill walking were also inadequate for represent these less

able amputees, which include the elderly [188]. Hence, lower activity amputees,

need a foot better suited to shock absorption, but also one that possesses enough

propulsive action.

A model was developed to understand the behaviour of this heel region, finding

the behaviour to have a non-linear elastic response. The energy dissipation at lower

speeds was below expected, which indicates an increased compliancy [190]. This

shock absorption e↵ect is important in reducing the unhealthy impact loading that

when high can lead to tissue damage of the residual limb. To better understand

the functional requirements, it was suggested to explore the shock and ground

reaction forces [191].

Other research looked to solve where previous studies had failed to determine

di↵erence between mechanically di↵erent designs. This analysis was successful in

revealing significant di↵erences in the performance of di↵erent feet through the

Figure 2.21: Plots of mechanical power during stance [7]. Used to examine a
healthy control group against an active and passive prosthetic. Many active feet
will produce more power than the biological system.
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analysis of roll-over shapes [192]. In a previous section of this chapter, research

demonstrated how a suitable roll-over shape could overcome some deficiencies of

a fixed ankle [96], combining with multi-axis ankles could make further improve-

ments to the range of motion. This hypothesis was confirmed when combining

the ankles with a sti↵ SACH foot; seeing an improvement in mobility and ability

to navigate stairs and ramps [193]. Focusing on the rollover shape and push-o↵

characteristics has also been suggested as an alternative to metabolic targeted

studies, due to a lack of progress in improving the energetics directly [194].

Previous use of ground reaction forces was successful in determining character-

istics such as shock absorption, and the performance in general. Although power

generation characteristics were di�cult to ascertain with just forces [195]. Later

analysis looked at the braking and propulsive impulses as being important per-

formance measures, representing the force and time in a vector value. The study

was on the e↵ect of a multi-axis ankle, finding the increased range of motion to

increase the residual limb propulsive impulse. Furthermore, this statistical dif-

ference was only seen in the impulse and not time or force individually, which

suggests the delivery of force over time is more important the just the magnitude

of the force itself [196]. These impulses also proved useful in measuring the asym-

metry in an amputee’s gait, where simple instructions to increasing push-o↵ led

to higher impulses and reduced hip loading [23]. Therefore, it could be argued

that focusing on these impulses as a key performance indicator would provide a

more straightforward optimisation towards achieving key biological functionality

like the catapult action [22]. The motor redundancy of the neuromuscular system

seen in Section 2.1.5, could then utilise this e�ciently. When controlled, these

impulses could be optimised to target more complex performance derivation. For

example, it has been suggested that passive prosthetics need to optimised the

magnitude and timing of energy release [7].

2.2.2 Powered Robotic Revolution

Elsewhere, research into the quasi-sti↵ness of the ankle revealed that whilst passive

components would su�ce at lower speeds, active components would be needed for

higher speeds [176]. This is roughly around when the split of research into powered

prosthetic designs gained momentum. The active ankle-foot emulator developed

at MIT was able to mimic the normal behaviour during walking after being tuned

to match the quasi-sti↵ness values [197]. This design continued development into a

powered ankle-foot prosthetic, using series and parallel elastic control to simulate

healthy torque profiles and reduce metabolic cost [28, 198]. A particular advantage
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(a)

(b)

Figure 2.22: The commercially available bionic feet, developed from research in
US universities. Top: Springactive Walk-Run ankle [203], which began as the
SPARKy prototype [204]. Bottom: The iWalk® BiOM ankle. A powered ankle
developed by Hugh Herr and his team at MIT [205]. Note the similarities in
design, despite the separate research methods. The series elastic actuator system
can deliver biomimetic levels of power throughout stance.

to this powered design was the ability to switch the controllers to a new gait

task such as stair navigation [199]; a task modelled previously with a system

of mechanical elements including springs, dampers, and torque actuators [200].

Review papers further highlighted the di↵erence between this new generation of

bionic feet and the passive restorative energy designs. The ability of the bionic

designs to produce additional power without energy input placed them at an

advantage, despite being in early development [201, 202].

The other notable powered design focused on optimising towards a motor power

requirement by adjusting a linear spring [204], similar to a suggestion made in later

research [44]. This was successful in matching the required power at push-o↵ and

range of motion, but the experiment only included a single subject, and the pro-

totype design was bulky [204]. It did however demonstrate a successful attempt

at optimising towards a kinetic rather than kinematic goal, in this case mechan-

ical power. Further work on this design produced a version with improved pow-

er/weight ratios, which further evolved into a design capable of switching between
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walking, running, and jumping tasks [206]. Eventually this progressed towards

commercialisation as the Walk-Run ankle by Springactive, which demonstrated

some promise but required further work to adapt to higher speeds [203].

Also moving into commercial development, the MIT foot advanced in design

and the focus shifted towards creating a sophisticated control system [207]. The

requirement for all gait tasks to be coded into these powered systems was seen

as a possible weakness in the designs, alongside the proclivity for mis-identified

gait tasks and thus selection of sti↵ness profiles [208]. Nevertheless, the Powerfoot

BiOM provides a level of mechanical performance unmatched by passive devices

[209].

Perhaps the most beneficial outcome is the ability to reduce the collateral

side loading in the knee, clinically reducing the chances of knee osteoarthritis.

However, it should be noted that this gap in performance was more significant at

higher gait speeds, which require adaptations to the quasi-sti↵ness profiles [178].

Slower speeds saw less of a di↵erence in peak knee adduction moments between

the control, powered and passive. This indicates how only a more active amputee

is likely to experience the upper performance benefits of these powered designs

[205].

The Springactive and BiOM powered ankles are the two notable examples of

powered prosthetic feet. Generally, designs will use a series elastic actuator which

has demonstrated success in producing healthy kinetics [1], and minimising the

work required by a motor to actuate a prosthetic ankle [45]. Other concepts exist

in research labs and employ a variety of actuation methods, each with distinct

advantages and disadvantages; the AMP foot being another prominent example

[210].

2.2.3 Advancing Passive Feet

Despite the performance advantages in powered designs [211], research into pas-

sive models did not stagnate. A research group at the University of Texas, Austin,

developed a rapid prototyping method. Using a selective laser sintering method,

they could quickly modify a simple foot design, thus allowing them to begin explor-

ing e↵ects of sti↵ness on amputee gait [212]. Through implementing this method,

di↵erent ankle geometries were assessed based on shape and compliancy. Improve-

ments to the energy storage with more compliant ankles also led to high braking

impulses of the intact leg, which suggests moving towards localised sti↵ness opti-

misation as preferable to an overall value [213]. The geometric di↵erences in this
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Figure 2.23: The nylon prototype foot manufactured using selective laser sinter-
ing [49]. The e�cient production allowed the research team to quickly produce
multiple versions to assess in clinical studies

study pertained to a forward and reverse facing c-shaped ankle, with the former

having a larger e↵ect on muscle energetics, but some results suggested patience

preference & suitability may also factor into the performance [214].

Additional investigations were made into the sti↵ness e↵ects of forward-facing

ankles. Results indicated a compliant foot is capable of improved motion and

energy return but requires increased muscular activity to provide vertical support

[49]. Such results are also seen in modelling e↵orts, where a prosthetic is capable of

providing body support, but is impaired in anterior-posterior functionality [146].

It was therefore proposed to optimise localised areas of foot sti↵ness by modelling

it as a series of rigid segments with rotational joint sti↵nesses, which if successful,

would more accurately model the behaviour of distal structures reported as missing

in other research [172]. Furthermore, whilst the sagittal plane motion is well

researched, behaviour in the transverse directions is not. It has been proposed

that exploration into this area is needed for understanding optimisation beyond

straight-line walking [50].

Even powered robotic ankles have seen performance improvements from incor-

porating localised sti↵ness control in the distal structures [215]. From modelling

results of a passive foot, optimisation by sti↵ening the toe and mid-foot and keep-

ing the ankle and heel relatively compliant, improved functionality of both heel-

strike and push-o↵. However, the fit of data was not reported and the analysis

required experimental validation [216]; although it did demonstrate the potential

of modelling as a tool of passive foot optimisation.

This was not the only case of rapid prototyping used to explore design pa-

rameterisation. From early studies on the rollover shape [192], the Shape & roll

foot was created to assess the e↵ects of forefoot sti↵ness. It confirmed the link

between a highly flexible keel and insu�cient progression of the ground reaction

force, which leads to unhealthy loading on the contralateral side [217]. Further
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modifications to the design explored the e↵ect of a flatter section in the prosthetic

rocker shape on the stability of gait; but no significant results were seen [51].

A di↵erent research group from the robotics team at MIT recognised further

potential of the roll-over shape and designed a foot with rotational sti↵ness joints

in an attempt to mimic the torque curve. Patient feedback was positive and drove

the research towards optimising the design with a novel method [52]. Combining

the ankle-foot and tibial structure into a single objective parameter, the LTTE, al-

lowed for an optimisation that considered a more complete kinematic performance

target rather than the narrower focus of targeted joint mechanics [3].

An additional prototype was created with interchangeable rotational springs

to provide additional data to tune the optimisation method [53]. Through using

this data to tweak the optimisation method, a passive prosthetic foot shape was

designed using Bezier curves to reduce the kinematic error. The foot was evaluated

with FEA and verified with mechanical tests before being analysed in a pilot study.

Initial feedback was positive and confirmed the viability for subsequent clinical

studies [31].

Prosthetic tools are commonly used to analyse e↵ects of sti↵ness on amputee

gait. One such tool was used to explore variations in heel and forefoot sti↵ness,

at various steady state speeds on a treadmill. A sti↵er heel led to reduced en-

ergy return, increased loading rates and knee moments, whereas a sti↵er forefoot

reduced push-o↵ work and increased knee moments [218]. It also corroborated

earlier research that found more compliant ankles to improve energy return [49].

Such studies utilise these prosthetic tools to provide accurate quantification

of parameters and e↵ects, and occasionally they will lead to novel designs. At

Northwestern University in the US, a device was designed to assess the e↵ects of

Figure 2.24: A visual representation of the optimised keel in red matching the
ideal lower leg trajectory of the model [31]. The optimisation method of using
relatively simple kinematic measures and sti↵ness tuning has demonstrated that
passive feet do not require the focus on joint parameters as seen with bionic feet.

48



CHAPTER 2. LITERATURE REVIEW 2.2. PROSTHETIC FOOT DESIGN

ankle rotational sti↵ness. An initial pilot study discovered some interesting e↵ects

but not at statistical significance [220]. Additional research into this rotational

sti↵ness and the relation to quasi-sti↵ness profiles was completed to better un-

derstand the mechanical requirements. From this, a quadratic relationship was

established between the ankle angle and sti↵ness [45]. This eventually led to the

development of the VSPA foot, a quasi-passive design that has a variable sti↵ness

leaf spring mechanism, and a cam shaped to translate the spring sti↵ness into

a desired torque-angle curve. It is a design capable of using the varying sti↵-

ness to adjust the prosthetic to complete di↵erent gait tasks like stair ambulation

[46]. This foot was modified to improve the variable sti↵ness characteristics, and

then used in an experiment to assess the amputee’s sensitivity to sti↵ness during

stance. Results found the subjects to be capable of detecting a 7.7% di↵erence in

the sti↵ness, and it was determined that future work should develop a method of

(a)

(b)

Figure 2.25: Top: The CESR foot, designed to recycle energy from heel-strike.
Whilst successful in returning a su�cient magnitude of energy, the timing of release
was too problematic for an amputee. Bottom: The VSPA foot, designed to adapt
the sti↵ness to suit di↵erent gait tasks. A modification of this foot was used to
decouple the energy storage and return [219].
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determining optimal sti↵ness [47].

Research earlier had suggested recycling the collisional losses at heel strike

and redirect for forward propulsion [181]. The CESR foot used a clutch system

to transfer energy captured in a heel spring to a forefoot section that released it

at push-o↵. Initial tests using a prosthetic simulator boot displayed some success

in restoring the lost collisional energy, although the limited sample size and use

of healthy subjects contributed some doubt [42]. Further tests were completed,

again validating the shock reduction and propulsive capabilities, but also failing

to find an improvement to metabolic expenditure. It was thought that part of this

may be related to the rate of energy release and additional control required. The

restorative energy release comparable to the catapult action may have been too

di�cult to manage without the supporting musculoskeletal structure [43]. Even

tested with an amputee, this design saw no benefits to the metabolic cost of

walking, which was thought to indicate that push-o↵ power was not a principal

determinant of e�cient gait [221].

The importance of timing release has been explored with the use of mechanism

fitted to a standard passive foot. Experimental results from a pilot study indicated

that there was no single optimal value, and the timing should be tuned to a user

preference [222]. However, it was found that increasing the impulse duration made

the foot more comfortable to use, which would explain the issues with the CESR

design. To test this hypothesis, a modification was made to the VSPA foot by

employing a dual-cam system that would switch cams from dorsiflexion to plantar

flexion and return positive energy at a manageable rate. Initial experiments failed

to provide statistically significant results, but the mechanism which de-coupled

the energy release and storage is an interesting concept and further studies are

planned [219].

2.2.4 Summary

This section has provided an overview of prosthetic ankle-foot design. Bionic

and semi-active ankles have superior power production and ability to adapt to

di↵erent gait tasks. But they also have shortfalls with the additional complexity

and weight; the latter being a particular issue with semi-active feet that don’t

produce enough supplemental power. Further to this, the bionic feet are expensive,

and arguably unnecessary for an older, less-active amputee who will not benefit

from the potential boost in performance.

In that respect, it is important to consider what amputees require from their
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device. The less active amputee may only need to manage limb loading and

avoidance of further health complications, such as osteoarthritis. The optimisation

and analysis of designs has primarily focused on steady state walking, using an

instrumented treadmill, which has left a gap in knowledge with gait initiation

and termination activities. Furthermore, much analysis of passive feet is done

within the bounds of the sagittal plane, whereas the biological ankle-foot complex

requires more complex reactions to overcome various gait tasks and obstacles.

From this, it could be argued that design optimisation to match force peaks,

impulses, and mechanical CoM power curves, could unlock a novel potential in

performance. Especially if gyroid structures can release the potential of tuning

a design in the transverse planes of action. Rapid prototyping has been well

established as a practical manufacturing method to test such experimental ideas in

prosthetic design and is particularly well suited to constructing the aforementioned

gyroid structures.

Passive designs still see interesting research completed and with the potential

gaps in knowledge, it stands to reason that additional performance can be gained

Figure 2.26: A tree diagram of prosthetic feet categories developed in research.
Despite the separation in the tree the articulated feet arguably have more in
common with the bionic than advanced ESAR.
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from continuing to explore these designs.

2.3 Experimental Studies & Procedures

From the literature review of the previous two sections, it has been shown that

amputee gait has significant asymmetries in the kinetic parameters. Powered pros-

thetic feet have focused on returning the quasi-static ankle-torque [1], to rebalance

the kinetics. On the other hand, the passive MIT foot has opted to match the

kinematic profile [31]. However, other research has shown that the existence of

multiple motor redundancies in the body makes achieving symmetrical gait less

straight forward than it would seem. Often the cost of matching kinematics is

increased energy expenditure or unbalanced loads that can lead to later health

complications, see section 2.1.5 of the literature review.

2.3.1 Gait initiation

Gait initiation studies are form only a small percentage of the overall amputee and

prosthetic literature. To generate the forward motion, a large horizontal propulsive

force is required. Amputees, particularly the elderly have di�culties generating

this force with the residual muscles, whilst also maintaining their balance as the

centres of mass and pressure shift [223].

Early comparisons of the ground reaction forces revealed the intact limb pro-

duces higher peaks regardless of which leg leads the initiation [73]. A common

adaptation appears to involve leading gait initiation with the prosthetic limb, and

then increasing the push-o↵ duration of the trailing healthy limb. It appears this

is to achieve a larger propulsive impulse, accounting for the decreased anterior

GRF [70]. This temporal adaptation was found in the earlier research but was not

elaborated on [73]. Despite the anterior force di↵erences, the progression velocity

between leading limb conditions is similar. This phenomenon has been uncovered

in other studies when the trailing limb activity is broken into anticipatory and

execution stages. When the prosthetic limb leads, the anticipatory weight shifting

phase has a shorter duration with lower velocity, meaning the execution phase last

longer with a higher velocity [155]. The inverse occurs when the intact limb leads

and is thought to be due to an uncertainty with the prosthetic limb providing

support. Both strategies are methods though to modulate the propulsive forces

required for gait initiation.

In terms of assessing sti↵ness e↵ects on gait initiation, the number of research

papers drops considerably. The most notable contribution is from a conference
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proceeding, where the e↵ect on centre of mass and pressure was investigated [224].

Conclusions were limited, but there was a strong indication that further work

should be completed.

2.3.2 Kinematic Limitations

Despite the propensity in the analytical use, there are inherent limitations in

kinematic methods that if not properly accounted for, can a↵ect the accuracy

of results produced. Errors in readings can accumulate from markers placed on

the body to represent joint centres. The malleolus is simple to locate due to

its protrusion at the ankle, whereas the lateral femoral condyle can be di�cult

due to its location deep in the muscles. What is more, the skin is tissue that

stretches and moves, displacing the position of the marker from its origin [39].

This inaccuracy also a↵ects models due to the generalisation of results for the

population. Large errors have been found in results when the joint position and

orientation are not representative of the patient [225]. These issues have been

found to produce significantly high uncertainties (between 6 – 232%) in torque

estimates for a 13-segment linkage model. Values increased from the distal ankle

to proximal hip joint, exposing the error propagation inherent in inverse dynamic

calculations [40].

The ground reaction forces used as inputs are generated by the muscle and joint

dynamics of the body. However, the models they feed will not necessarily behave

in the same way as the natural source, and the joint parameters calculated will be

Figure 2.27: Anterior-posterior ground reaction forces from above-knee amputee
subjects [155]. From left to right: Prosthetic leading, Intact leading, Healthy
subjects. APA: anticipatory postural adjustment, EXE: step execution. Dashed
lines: leading limb, Solid line: stance limb.
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erroneous and unpredictable [226]. Overcoming this problem inevitably requires

large scale neuro-musculoskeletal models, with enough complexity to accurately

model the functional relationships. Once accuracy is achieved to within a su�cient

tolerance, then practical simplifications can be made [227]. Variation in force plate

measurements have been shown to create similar errors to kinematic inaccuracies.

Whereas the force will only have a large e↵ect on the joint torques of the knee

and hip, an error in force plate torque has significant e↵ects on the torques of all

joints in the lower leg [228].

The problems above cause further concern when the application changes from

healthy adults to amputees. Assumptions for these models were made without

consideration for when a prosthetic device is used. The changes brought about

in segment parameters, joint locations and function need to be adapted into the

model to avoid miscalculations of joint values [229, 41, 230].

2.4 Revisiting the Research Question

At the start of the introduction chapter of this thesis, a question was posed re-

garding the current state of passive prosthetic feet design:

”Do the current passive prosthetic feet o↵er the optimum perfor-

mance possible to a transtibial amputee, whilst maintaining a↵ordabil-

ity?”

In searching for an answer, it was realised that there is a lack of disability

focus on less active/elderly amputees, particularly with transitionary gait tasks

like initiation. Whilst the development of new feet and optimisation has seen

success, these have been based on methods concentrating on active steady-state

walking. Furthermore, there is a prevalence for these projects to focus on kinematic

optimisation or inverse-dynamics to match up joint torque profiles.

The implications of these research trends are gaps in the potential knowledge,

and in some respects the passive exclusion of a portion of the amputee population.

Kinematic analysis has been useful, but the highly adaptive neuromuscular control

system may not need to match healthy gait profiles in passive feet, which typically

causes delayed health issues. Instead, an alternative method may seek to restore

kinetics and allow the neuromuscular system to adapt the kinematics based on

what it regards as suitable for the changes caused by an amputation.

With these considerations, the research question was reconstructed to reflect

the perspective above, creating a novel focus for the body of work to follow. It was
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important to make sure this was succinct, whilst still covering the revised research

goals. Thus, the question became:

”Can a disability focused approach, targeting personal sti↵ness op-

timisation in a passive foot design, improve the gait of less active am-

putees?”

The following chapters of this thesis contain work which has delivered the tools

required to begin this novel exploration into a new design methodology.
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Chapter 3

Concept & ISO Models

In the previous chapter, a potential gap in research was identified, where kinetic

based optimisation methods could be used to improve passive designs for tran-

sitionary gait tasks like initiation. This chapter begins with an introduction to

an existing prosthetic concept developed by the author. To refine this concept, a

new FEA model was developed using ISO test standards to define the boundary

conditions. Development of this model forms the main narrative of the chapter

and concludes with the concept evaluation using the ISO model.

3.1 Concept Design

Prior to beginning the EngD, the author was part of a group project for a master’s

level design project. The design brief was to create a passive prosthetic design

to fulfil the performance of bionic ankle-foot devices, but without the increased

complexities, or higher cost and weight. Beginning with concept exploration and

then refining with FEA optimisation, a passive prosthetic concept with a novel

energy storage and return mechanism was designed.

The images in Figure 3.1 show the assembled concept design and exploded

view with key components labelled. These key components can be grouped into

sub-assemblies:

• Foot Base comprised of the Keel, Heel, and Bearing Plate

• Lever Mechanism includes the Lever with integrated Gear, Pinion, and Me-

chanical Cam

• Energy Housing Unit which holds the Carbon Fibre Spring in the Housing

The core principle of the design was based on attempting to emulate the catapult
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(a) (b)

Figure 3.1: Isometric view of the concept design on the left and exploded view
with key components numbered on the right. List of components is as follows:
(1)-Housing, (2)-Carbon Fibre Spring, (3)-Mechanical Cam, (4)-Pinion & Shaft,
(5)-Mechanism Lever with integrated Gear, (6)-Keel Spring, (7)-Bearing Plate,
(8)-Heel Spring

function discovered in research and use this as a method of storing lost energy and

returning to assist in push-o↵ [110, 22].

Inspiration for the energy storage mechanism came from the design of com-

pound bows and the way strain energy is stored in the tensioned limbs. It was

thought that this energy storage and release principle could be replicated in a

prosthetic foot system. Thus, the mechanism was given the title of Tension En-

ergy Recovery (TER) system. With this as the prominent feature, the other

components were designed to facilitate the operation of the TER system.

The following explanation of function is supported by the schematic diagram

in Figure 3.2. At initial contact, the heel absorbs the impact and the supports

a smooth transition into flat-foot. Just prior to this mid-stance foot position,

the lever which sits below the base line of the toe spring makes contact with the

floor and rotates on its shaft. This rotation is stepped up through the gear pair

and causes the cams to pull down on the carbon fibre spring with the attached

wire. As the foot moves from mid-stance to push-o↵, the keel spring activates and

deflects. This allows for additional rotation of the lever, maximising the energy

stored. Strain energy is held in the spring whilst the centre of pressure on the
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Figure 3.2: Cross-section diagram, detailing phases in the loading operation of the
TER system. (1)-The lever is pushed up as it contacts the floor. (2-3)-Rotating
on its shaft the integrated gear causes a step up in rotation with the pinion. (4)-
The rotation of the cams creates a tensile pulling action on the wire connection.
(5)-This action places the carbon fibre spring under strain, storing elastic energy.

lever remains in-front of or in-line with the centre of pressure on the keel. Once

this point is passed, the energy held in the limb is released in a controlled manner

through the system.

Transition to a Research Tool

Whilst the initial purpose of the foot was to be a consumer/patient model, some

concerns were drawn to the operation under real-world conditions. The primary is-

sue was that the majority of amputees will wear a cosmetic foot over the prosthetic,

which would then allow them to wear shoes. This would render the mechanism

ine↵ective as the lever would not be able to transmit forces to store energy in

the limb. It was decided that whilst the real-world application of the foot would

not be suitable, there would be validity in refining the design to be suitable as a

research tool to investigate gait initiation as discussed in Chapter 5.
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3.2 Initial Model Testing

Finite Element Analysis emerged as a tool for design optimisation at around the

same time energy storing feet began development. However, whilst initial results

were adequate and used gait lab data for boundary conditions, the models them-

selves were relatively rudimentary to modern comparisons, and the researchers

only able to model static cases [231].

Success with FEA was seen when focus was kept on a simpler component,

such as a monolimb composed of the shank and socket. Applying a robust design

method, a genetic algorithm optimised the design for a specific patient’s needs

[232]. Physical experimentation with these designs revealed small improvements

to limb loading and higher comfort, although further experimentation was needed

[233].

Additional FEA modelling e↵orts sought to increase model complexity for im-

proved representation of realistic performance. The inclusion of pylon components

including the set screws demonstrated some useful potential in capturing realistic

boundary conditions [234]. However, the increased computation required for the

contact pairs in the pylon assembly is overlooked, and no comparison was made

to a model without them. It could be possible that an equivalent e↵ect could be

obtained from a beam element with equivalent sti↵ness. The model also failed

to produce a set of boundary conditions more advanced than the static cases of

heel-strike and push-o↵. In fact, many papers utilising FEA models for prosthetic

evaluation fail to move beyond these basic, static reconstructions of gait provided

in ISO 10328 [235, 236].

An earlier study had recognised this failure to capture the dynamic stance

phase of gait. The inertial forces were derived and then applied to a model of

the socket and residual limb. Whilst the analysis was not fully dynamic, it was

determined to be a useful step forward in capturing the transient nature of stance

[237]. Despite the comprehensive use of FEA in many aspects of prosthetic engi-

neering, it is rare to see a transient model representative of real application [238].

If a model can be created to represent the dynamic loading conditions throughout

stance, then enhanced design analysis could be performed.

3.2.1 ISO 10328

Whilst preliminary simulations were completed as part of the undergraduate group

project, these were not rigorous, serving only as a preliminary tool to drive the
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proof-of-concept design process. They used a mix of boundary conditions loosely

based on an ISO document for testing prosthetics ISO 22675 [239], and ground

reaction force data from papers [147]. A reliable evaluation of the design required

revisiting the ISO documentation in order to produce a more accurate represen-

tation of boundary conditions.

Upon revisiting the ISO document, the initial attempt at reproducing the

exact test conditions proved di�cult due to the complexity of the contact setup.

With research papers showing successful modelling with a di↵erent prosthetic

testing standard [235], a decision was made to look into reverting to this simpler

test standard to resolve the issues at this ”lower resolution” which could then be

translated into the dynamic model.

The ISO 10328 document includes procedures for static, cyclic, and torsional

structural tests for all lower-limb prosthetic components; only the static tests

were considered at this early stage [236]. Test structures for the documented

procedure can either be complete, see Figure 3.3a, or partial, with the latter option

requiring suitable replacement components of similar behaviour; for example, a

partial foot structure would require an equivalent pylon component. The load

is then applied through a load plate positioned on the heel or forefoot, Figure

3.3b. This comes with a stipulation that the application should be such that

(a) (b)

Figure 3.3: Setup diagrams taken from ISO 10328. Left: Complete structure
setup for a transfemoral prosthesis, including the foot, pylon, and knee. Right:
Loading plate setup for heel and forefoot loading. Note, the angle symbols in these
diagrams are not used again in reference to ISO 10328
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quasi-frictionless motion is achieved in both tangential directions.

In terms of applied load, the standard defines two procedures for the static

forces: Proof test & Ultimate test. These represent occasional and severe loading

events respectively, with function expected to continue only after the former, the

Ultimate test levels are designed for failure. Furthermore, each of these procedures

also has three load levels which are associated with a particular subject mass; P3

(60kg), P4 (80kg), and P5 (100kg). The rate at which these loads are applied

should be between 100N/s and 200N/s.

The above presents a comprehensive overview of all boundary condition re-

quirements to setup an FEA model. The test structure can be reduced as the

model can apply a boundary condition to a suitable equivalent surface to provide

the same fixed space condition in the standard. Rigid plates can be modelled with

appropriate contact to create the loading condition, with the prescribed loading

rate used to define load steps for improved convergence.

Before full design studies are completed it is important to verify boundary

conditions that have some proposed uncertainty. In this case, the contact type

definition between the loading plate and foot needs to be resolved; to this e↵ect,

a validation experiment was completed.

3.2.2 Contact Definition Validation

Experiment Design

It was decided that only one test condition was needed for this validation. The

forefoot setup was chosen due to the predicted flexibility of the keel providing

favourable deflection results to compare against the simulation. A further simpli-

fication was made to disregard the toe-out angle defined in the standard; it is an

unnecessary addition to determine the contact validation. As such the design of

the test rig could be kept simple, required only to hold the foot at the required

angle and provide a stable base for fixture to the testing machine.

The rig was designed in three parts; a base, central support cut at an angle,

and the mount plate. The angle of cut for the central support is such that the

prosthetic will be aligned with the horizontal load plate at the 20°angle prescribed
in the ISO document. The mount plate is cut such that the planar top face of the

keel slots into place and is then secured using g-clamps. A CAD model of the test

rig and photo of assembly can be seen in Figure 3.4.
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(a) (b)

Figure 3.4: Experimental testing rig model, designed to work with a tensile testing
machine. The rig is simple, holding the foot upside-down at the prescribed 20° for
the forefoot test, the load is then applied using a compression plate.

To reduce complications from part interaction and bonding, the foot base parts

were combined into a single geometry and printed on a Stratasys® Objet using

the Stratasys Digital Acrylonirtile Butadiene Styrene (ABS)™ material; the key

properties of which can be found in Table 3.1. Costing roughly £325 each, only

two test samples were created.

The testing machine used was an Instron® 100kN Universal Testing Machine

(UTM). However, the load cell installed was calibrated to deliver loads at higher

values than those rated in the standard. It was possible to recalibrate down to the

required accuracy, but this posed the risk of destroying a sample in the process.

With only two prints available for testing, it was decided that the experiment

variables would be switched to apply a displacement and record the resultant

forces. In doing so, no calibration on samples would be needed, thus data could

be collected from both samples. Even though the input and output variables were

switched, the objective of determining contact setting accuracy was still realisable.

An initial simulation was put together to determine a sensible displacement to

Table 3.1: Material properties of Stratasys Digital ABS™. The main source for
the data is the PolyJet data sheet, available upon request from Stratasys [240].
Variation in the manufacturing process creates a range of values. The Poisson’s
ratio is taken from a research paper on printed material properties [241].

Property Unit Value

Elastic Modulus MPa 2600 - 3000
Poisson’s Ratio � 0.36
Tensile Strength MPa 55 - 60
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apply in the experiment so that sample failure could be avoided unless desired.

FEA Simulation

The geometry of the model was simply composed of the combined foot base, and

the loading plate. To simplify the modelling, the plate body was set as rigid so

that the plate could transfer the full load to the foot. The material properties for

the foot base follow those in table 3.7 and the associated sources [240, 241].

Boundary conditions are straightforward and can be seen in Figure 3.5. The

model is anchored in place with a fixed support on the foot surface that would

contact the housing. To keep plate conditions simple within the global coordinates,

the fixed foot was rotated into position. A load is applied on the bottom surface

of the plate in the vertical y-direction. To maintain this direction, a displacement

condition is placed on all sides faces, restricting motion to only the y-axis.

Contact between the two bodies is defined between the top surface of the

plate, and the surfaces along the toe of the foot. The standard defines that the

transmission of force must occur with quasi-frictionless travel in the tangential

directions. As such, the contact type was set to frictionless, and the solver directed

to adjust the interface elements when it detected a change in contact.

Figure 3.5: Diagram of FEA model setup using boundary conditions taken from
ISO 10328. The foot is fixed on the surface marked blue. A frictionless contact
exists between the toe edge and top face of the load plate (purple circle). The
load plate itself is rigid, with a force applied upwards on the bottom face (red line)
and perpendicular surfaces restricted to translation in the vertical plane (yellow
blocks).
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Mesh settings were simple, a global element size of 4mm and forcing 2 ele-

ments across the smallest face; a convergence tool verified this to produce mesh

independent results. Analysis settings were left as program controlled with default

time-step settings; the simplified nature of the model required minimal user input.

Using the settings above, a set of simulations were run to test both the max-

imum displacement. As the elastic modulus had a range of values to account for

the variation in filament printing, it was important to duplicate the displacements

for the minimum and maximum of this range. The simulation was setup once with

the first row of inputs from Table 3.2, and a parameter set was created to com-

plete the remaining input values. Thus, each modulus value four displacements of

15, 20, 25, and 30 millimetres applied in a single load step with a duration of 1

second. The reaction forces and von-Mises stress results of these simulations can

be found in Table 3.2. It should be noted that a stress concentration occurred at

the tips of the keel, and that this was removed with a small radius fillet. This will

be explained further in Section 3.3.

The objective of these was to assess a suitable displacement to apply in the

experiment. Given the uncertainty over the properties it is important to determine

what displacement could be applied before failure occurred. The trend for all

results appears to be linear, as expected. Variation in results across both modulus

values increases with the applied displacement. Due to the lowest potential yield

being 55MPa, a displacement of 30mm was thought to be too risky, unless the

failure of the sample is the target. To account for additional uncertainties and if

failure is to be avoided, then a displacement of 20mm would be appropriate to

gather an initial response. If results are as expected, then the displacement could

be increased until failure is reached. These initial models predicted an appreciable

Table 3.2: Simulation results for set of validation inputs.

Elastic Modulus Applied Displacement Reaction Force Stress
(MPa) (mm) (N) (MPa)

15 104.18 23.769
20 136.30 31.833
25 193.37 41.951

2600

30 242.34 51.274

15 120.20 27.426
20 157.27 36.730
25 223.11 48.405

3000

30 279.63 59.162

64



CHAPTER 3. CONCEPT & ISO MODELS 3.2. INITIAL MODEL TESTING

displacement of between 25-30mm can be applied before failure is reached. These

results will be revisited alongside the experiment results, with the possibility of

re-running a model under increased load steps.

Validation Experiment Results

The sample and test rig were setup in the Instron machine using G-clamps to hold

parts in place. Positioning of these components with respect to the machine were

such that the toe of the foot was touching the centre of the top platen, with the

profile face of the rig parallel to the front of the machine. This setup can be seen

in Figure 3.6.

The machine was calibrated by the lab technician beforehand, and the loading

(a)

(b) (c)

Figure 3.6: Photos taken of the validation experiment setup. (a) View of entire
setup. (b) Close up of clamped rig and sample held between loading platens. (c)
Machine software, the plots show the linear application of displacement over time.
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rate set at 10mm/min. Whilst this was not at the rate prescribed by the testing

standard, due to the FEA models not using plastic properties, any transient-

viscoelastic response could be disregarded by either not applying a displacement

to cause plastic deformation, or to simply analyse only the elastic region.

This is an acceptable based on known behaviour of other polymers. The me-

chanical properties of Digital ABS show that there is some ductile behaviour before

fracture, where values for elongation at break of 20-45% are closer to a sti↵er poly-

mer such as Polyether Ether Ketone (PEEK - 50%), rather than a very ductile

polymer like Polypropylene (PP - 250%) [240, 242, 243].

As this experiment is to validate the accuracy of the contact condition, the

analysis only needs to be accurate for the material behaviour that can be modelled

with the data given. In this case, material data known is in the elastic region, and

the elongation suggests that the material tensile limits can be pushed somewhat

without sudden failure. The contact accuracy can be determined within the elastic

bounds, but care must be taken with repeating tests on samples due to possible

elastic hysteresis behaviour.

As mentioned, two printed feet were created for testing. It was decided that the

first sample would be first tested at 25mm as this fell below the FEA predictions

for failure; if this passed, then 30mm would be applied for a second test. The

second sample displacements were not decided before, instead the behaviour of the

first sample would dictate the applied displacement; see Table 3.3 for a summary

of applied displacements. The UTM recorded the load as the displacement was

applied, at an acquisition rate of 500Hz, which was then filtered through a 4th

order low-pass Butterworth filter with a 100Hz cut-o↵ frequency. After each test,

the toe of the foot was checked to ensure contact with the plate. The transducer

produced a small amount of noise between 7-14N, but at the expected scale of

results, this was deemed acceptable.

Table 3.3: Table summarising validation experiment samples and applied displace-
ments

Sample # Test # Displacement (mm)

1
1 25
2 30

2
1 30
2 35
3 55 (Failure)
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Figure 3.7: Experimental data in sub-plots. Tests 2 & 3 of sample 2 have had
data cut after 35mm, and all data has been sorted as described in main text.

A small gap immediately after the first test was noticed, but the plastic relaxed

after a short period of time and returned to the plate. The first sample withstood

the two applied displacements with no obvious signs of plastic deformation. As a

result of this the first test displacement of the second sample was set to 30mm, and

then a second displacement of 35mm. The sample survived the 35mm displace-

ment, and so a final displacement was applied to cause failure, which occurred at

⇡41mm. Data from this experiment was written into an excel file, which was then

imported into MATLAB for analysis and plotting of graphs. Due to the plastic

behaviour of the final test, it was decided to cut the data to a maximum applied

displacement of 35mm.

All tests were re-sampled to aid with running statistical analyses. It was de-

cided to store the displacement-force data at 0.01mm intervals. The sorted data

was then plotted and can be seen in Figure 3.7. There is a distinct linear behaviour

and pattern across all tests up until shortly before 20mm. This can be more clearly

seen if the basic metrics of the experimental data are plotted together.

Figure 3.8 shows the experimental range, mean, maximum, and minimum line

plots; with error bars at 5mm intervals. The linear range can be seen to exist

between 0 to ⇡17mm, within which the range of force values is very tight to

the mean. Once the deformation becomes non-linear at around 20mm, the varia-
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Figure 3.8: Experimental data, basic metrics plot. The range, mean, maximum,
and minimum line plots have been generated. At each 5mm interval an error bar
has been added to displace the range of data at that displacement.

tion in the results becomes noticeable. Whilst not ideal, the manner and degree

of variation in data for this particular experiment is good enough for analytical

comparison to a simulation model.

Two simulations were run again to capture data throughout the model rather

than the maximums used in the preliminary models. The simulations were iden-

tical other than elastic modulus used, one set at 2600MPa, the other to 3000MPa

as per the data sheet [240]. Final displacement input was 35mm, and the solver

instructed to store data at every iteration. The data from the model was imported

into MATLAB and interpolated to the same range of interval displacements as the

experimental data, again this was done for statistical analysis and had no impact

on the validity of the data.

Both simulation results, and the experiment range & average have been plotted

in Figure 3.9. The data shows similar curves between the two simulation results,

with the expected results of the sti↵er material causing higher scaled reaction

forces. Of the two, the less sti↵ 2.6GPa material bears the closest visual similarity

to the experimental results. Having said this, both simulation results have the

non-linear behaviour occurring later in displacement, at ⇡22mm as opposed to

68



CHAPTER 3. CONCEPT & ISO MODELS 3.2. INITIAL MODEL TESTING

0 5 10 15 20 25 30 35 40

Displacement (mm)

0

100

200

300

400

500

600

700

F
or
ce

(N
)

Experiment Range
Experiment Mean
Simulation - 2.6GPa
Simulation - 3GPa

Figure 3.9: Comparison plot of simulation results, and experimental range & mean
metrics

⇡17mm in the experiment. The visual di↵erences could be the result of many

small e↵ects, including irregularities in the printed samples, or the unrealistic

behaviour of the perfectly elastic material model.

Some statistical measures can be utilised to express the similarity as a quan-

tifiable number. Due to the discretisation of the data, the statistics will focus

on the vertical di↵erence in values. The Root Mean Square Error (RMSE), used

to measure the di↵erence between estimated model results against measured, is

used here to compare the two curves by looking at the error between the y-values.

Whilst not the intended use, a two-sample version of the Kolmogorov-Smirnov (K-

S) hypothesis test can also be applied. It is a non-parametric test that measures

the maximum absolute di↵erence between the empirical distribution functions of

two samples, providing a quantified test statistic on the null-hypothesis that the

two samples are from the same distribution, at significance level ↵ = 0.01.

A selection of experiment and simulation pairs were matched up, including

various displacement sample rates, the results of which can be seen in Table 3.4.

The RMSE values provide insight in showing that at 0.01mm increments the

experimental mean is closest to the curve of the 2.6GPa model with an error of

16.5101. A closer fit is only seen when the 2.6GPa model is compared to the
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Table 3.4: Table of statistic analysis on the experimental and simulation data.
The experiment mean (Exp Mean) is the dashed black line seen in Figures 3.8
and 3.9. The experiment max (Exp Max) is the dotted blue line in Figure 3.8.
Rate is the incremental increase of applied displacement. A pair of values are
generated for the K-S test. The stat is a binary 0 or 1 for respectively accepting
or rejecting the null hypothesis at ↵ = 0.01, with the associated p-value in the
final column. The row with the asterisked data labels had the analysis cut-o↵ at
20mm of displacement.

Data Data Rate (mm) RMSE K-S Stat K-S p-value

Exp Mean Sim 2.6GPa 0.01 16.5101 1 << 0.0001
Exp Mean Sim 3GPa 0.01 48.7605 1 << 0.0001
Sim 2.6GPa Sim 3GPa 0.01 33.3981 1 << 0.0001
Exp Max Sim 2.6GPa 0.01 12.1334 1 << 0.0001
Exp Mean* Sim 2.6GPa* 0.01 12.7322 1 << 0.0001
Exp Mean Sim 2.6GPa 0.1 16.6824 0 0.2800
Exp Max Sim 2.6GPa 0.1 9.2045 0 0.3729
Exp Mean Sim 2.6GPa 1 17.2258 0 0.9993
Exp Max Sim 2.6GPa 1 9.4117 0 0.9993
Exp Mean Sim 3GPa 0.1 - 1 0.0043
Exp Mean Sim 3GPa 1 - 0 0.8514

experimental max at an error of 12.1334, or when the mean & 2.6GPa model

comparison is stopped at 20mm with an error of 12.7322. This displacement

cut-o↵ is where the relationship switches from linear to non-linear, see Figure

3.9. However, for all analyses at the 0.01mm rate, the K-S test rejected the null

hypothesis and determined the distributions to be di↵erent at p < 0.001. It was

thought that this be may due to the sensitivity of the test to the sampling rate.

Upon observing the results at rates of 0.1 & 1mm, this would appear to be

correct. At a rate of 0.1mm, both the comparisons shown in the table have similar

if not lower error values, and accept the null hypothesis at p-values of 0.2800 &

0.3729. When the displacement incrementation is set to 1mm the error values

marginally increase by a fraction, but the K-S test again accepts the null hypothe-

sis at p-values of 0.993. This result can be explained by examining the cumulative

distribution plots (CDF) in Figure 3.10.

All the distribution plots are discretised, but only the 1mm rate is noticeable

at full scale. It is possible to see a smoothing in the plot lines from 0.01 to 0.1mm,

but the general shape is still the same. The di↵erence in degree of discretisation

can be more clearly observed when zoomed into the plots, and the noise in the

data for 0.01mm becomes apparent; it is possible this noise is attributed to the
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transducer. The increase in data points provides more opportunities for the K-S

test to detect a larger absolute di↵erence. An argument can be made that dropping

the sample rate to 1mm risks discretising the data to the point where it has lost

information. Two further K-S tests were completed between the experiment mean

and simulation data at 3GPa, as from a visual inspection, there are di↵erences in

the material properties. At 0.1mm and as would be expected, the test detected a

large enough distance to reject the null hypothesis at a p-value = 0.0043. However,

at 1mm the test could not detect a large enough distance and falsely accepted the

null hypothesis of the data being equal at a p-value = 0.8514. Thus, we can

discontinue the analysis on data sampled to 1mm increments, as it is not a true

representation of the data.

The simulation that used the material with a modulus of 2.6GPa is closer

in nature to the experiment than the simulation using 3GPa for the modulus, a

claim quantified through the RMSE and K-S test statistics. At the respectfully

accurate increment rate of 0.1mm, these statistical methods suggest that the two

sets of data are close enough to state the FEA simulation has accurately modelled

Figure 3.10: Cumulative distribution plots of experimental and simulation data.
These are what the K-S hypothesis test analyse through checking the spacing
between points. They are horizontally flipped counterparts to the plots of the
actual data seen in Figure 3.9. It is possible to visualise how the changing sample
rate a↵ected the results of the statistic tests, see plot legend and sub-titles.
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the system. The RMSE of 16.6824 is a relatively small error on the scale of the

input, approximately 3% of the maximum force. The failure to reject the K-S

null hypothesis at p = 0.28 also suggests that the di↵erence we see is a statistical

anomaly and the data is from the same distribution.

With that in mind, it can be said that the contact method used between the

prosthetic and loading plate is suitable in replicating the physical test condition.

As such, confidence can be had in further model developments as this previously

unknown contact in the setup can now be modelled to a reasonable standard of

accuracy.

3.2.3 ISO 10328 Criticism

With the success in modelling contact with the loading apparatus, it was decided

to re-evaluate the disadvantages of using the ISO 10328 test procedures to replicate

dynamic loading. Initially, the ISO 22675 standard was temporarily abandoned to

determine contact conditions with ISO 10328. A prosthetic foot is only required

to pass one of these standards, as both test the feet to su�cient peak loads that

represent the extremes in the stance phase. However, whilst the static heel and

forefoot test setups are similar, the loading profiles and conditions for cyclic loading

are not.

In Figure 3.3b, we can see the dual plate system of ISO 10328. With this setup,

the cyclic test is simply an oscillating sinusoidal waveform of loading and unloading

to a prescribed value defined in the standard. Both heel and forefoot plates are

active, but subject to a phase shift of ⇡, such that the loading of the forefoot is

concurrent with the unloading of the heel. The standard defines four sinusoidal

waveforms that can be selected for testing, these are seen in Figure 3.11. From

these waveforms, the document states only the last is somewhat representative of

authentic loading conditions in walking. However, the loading angles of the two

plates are fixed, which causes the hollow shape in the trough of the waves.

Thus, it can be argued that the ISO 10328 standard is not su�cient in rep-

resenting the complete phase of stance in the gait cycle, which encourages the

decision to move to the ISO 22675 document. The next section will provide an

insight into the test conditions, presenting an argument for its use over the ISO

10328 document, and development of the models.
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Figure 3.11: The sinusoidal waveforms defined in ISO 10328 [236]. Waveforms (a)
and (b) were the original profiles intended for the test. These do not include phase
shifting; thus the load cycles of the plates are asynchronous. The profile of (c),
is the synchronous, phase shifted waveform of a typical sinusoidal as described in
the text. The final waveform (d) is created to resemble the conditions of realistic
walking, with a phase shift of the classic sinusoidal in waveform (c).

3.3 ISO 22675 Model

Whilst the ISO 10328 document is for testing entire lower limb prosthetic struc-

tures, ISO 22675 is focused specifically on ankle-foot devices [239]. The collection

of tests are mostly the same, with the caveat of no torsional test for ISO 22675.

Static tests are conducted separately for the heel and forefoot, using the same

plate rotated about an axis. Each has the same definition of proof and ultimate
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conditions with the loading levels representative of amputee mass.

Beyond theses definitions of test procedures, the setup of the tests in the two

standards become divergent. Figure 3.12 shows the coordinate system used in

defining the tests of ISO 22675, where f is the forward (horizontal) axis, and

u the upward (vertical) axis. This system is critical in dimensioning the test

structure and setup for these tests. Unlike the test procedure of ISO 10328, the

load in this standard is applied only from the top reference point with the foot

supported by the plate. As the ankle-foot test samples will not extend upward far

beyond the ankle joint centre, there is a need for an end attachment to complete

the whole test structure.

The top reference point is o↵set to the right of the upwards axis, so the test

structure geometry needs to have an extended pylon with a connected application

Figure 3.12: Coordinate system used in the setup of tests defined by ISO 22675
[239]. The origin of the system lies at 0 with the vertical axis defined as u and
horizontal axis as f . Load reference points are labelled P, with subscripts denoting
their location; T=top, K=knee, A=ankle, B=bottom. Each of these has a coordi-
nate defined by the system, using the same subscript notation. Along the vertical
of the origin lies the joint centres labelled as C, with the appropriate subscript
for the knee and ankle. The numbered dash-dot lines are the lines of action for
(1)=Test Force, (2)=Resultant heel force, (3)=Resultant forefoot force.
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lever, as can be seen in Figure 3.13. The dimensions of the end attachment

are specified through a table of values provided in the ISO document, with the

length of the foot acting as the input variable. Whilst the tables values can be

used, they are not essential, and simple equations are provided for calculation

of dimensions in accordance with the system of Figure 3.12. Three categories of

equations exist based on where the end attachment begins in relation to the joint

centre u-coordinate. For this initial design with a tall housing, the B category

was selected. Then, using the foot length to determine the initial values, all other

co-ordinates were calculated. The tables of values and calculations can be found

in Appendix C.1.1.

Whilst the co-ordinates do not fully dimension the test equipment, together

(a) (b)

Figure 3.13: Diagrams of test structure used in ISO 22675 testing [239]. The end
attachment assembly is connected to the foot at the ankle joint centre CA, and the
load application lever fixed to the top of the extension at the knee joint centre CK .
The dimensions of this structure are determined from tables in the ISO document
and are explained in the text here. The ⌧ in the right diagram is the previously
un-used toe-out angle, which is set to a constant value of 7°.
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with both Figures 3.13-3.14 & description in the ISO document, it is enough to

generate the geometry. The pylon is a simple recreation of the general shape,

using the joint centres and top load point to inform the complete dimensions. It

should be noted that the document also defines where the theoretical ankle joint

centre would be positioned on any prosthetic. This is essential to the anchoring

Figure 3.14: Diagram of the complete test apparatus including the stabilising
equipment, tilting plate, pylon, and force lever. This setup and the associated
description in ISO 22675, are useful for defining the boundary conditions of the
system.
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of all other dimensions due to its alignment with the origin along the u-axis. The

plate is rotatable about an o↵set axis that is positioned to the right and below the

ankle joint centre and is large enough in area to account for extreme deformation

in all loading positions. A heel block can also be seen in the diagram, but this

was omitted as the design at this stage will not be used with footwear.

The diagram of Figure 3.14 is taken from a section in ISO 22675 which describes

the complete set of test equipment and requirements. All of this information

was broken down into simple boundary conditions. The force must be applied

vertically, with stabilising forces and moments applied at the application point

to ensure load and rig alignment are maintained. Positioning and alignment of

equipment during the test procedure is an important factor, with three conditions

that can be directly translated into boundary conditions [239]. These are:

• Resistance to translatory dislocation of the foot in the f � u plane

• Resistance to translatory dislocation of the foot perpendicular to the f � u

plane

• Resistance to rotary dislocation of the foot about the long axis of the test

sample

All of the above should be controlled using the previously mentioned stabilising

equipment attached to the top load point, and any additional control elements that

can fit on an appropriate point along the pylon length. The standard continues

to define loading profiles, applications rates, and full test procedures. Most of

this information goes beyond the scope of determining FEA boundary conditions,

except for the load profiles which be detailed in the one of the following subsections.

Before that, the updated test CAD geometry must be established, including the

material assignments and contact between bodies.

As a note for symbol use, the notations in Figures 3.13 and 3.14 are not used

again in this text, and as such they are not defined in the list of symbols.

3.3.1 Updated Ansys Geometry & Materials

The new test CAD geometry can be seen in Figure 3.15. These views include the

start position of the two static tests and a top-down view to illustrate the toe-out

rotation. Further simplifications were made to the geometry for optimisation of

the solve time. Faces and edges were tidied up, removing very small features and

merging adjacent faces. Holes were filled and merged with the larger geometry,
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(a) (b) (c)

Figure 3.15: Geometry setup for the static tests of ISO 22675. Left-to-right: Heel
test, Forefoot test, top-down view of toe-out angle.

and all the internal mechanism parts were removed. The idea being the tests are

focused on the structure, so only components important to that function need to

be included.

The number of components was reduced to seven needed to assess the foot

structure. Three equipment pieces (Force Plate, Plate Mount, and Force Pylon),

and four prosthetic parts (Heel, Keel, Bearing Plate, Housing). These all need a

material assigned and behaviour defined. As the focus was on the performance

of the design, it was decided that the test equipment should have as small e↵ect

on the results as possible. To this end, all three test equipment parts were set as

rigid, and their material left as the default structural steel material in the Ansys

linear materials library. This keeps them as useful geometry for applying boundary

conditions, as by limiting the behaviour to rigid body, they only transfer forces

through rigid elements. It was also decided to set the housing behaviour as rigid

during these early stages of modelling. The design was thought to be susceptible

to buckling/collapse failure due to thin-walled geometry; if left in, it could cause

simulation failures due to rigid body motion errors.

The full list of parts in the model assembly, the respective behaviour definitions,

and material assignments can be seen in Table 3.5. Two other materials were used

to for the prosthetic design. The first is a 6082 - T6/T651 Aluminium plate alloy,

used for the bearing plate. In the undergrad project, the material was defined

as Ti-6Al-4V titanium alloy. However, it was decided this would be replaced by
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Table 3.5: Concept model geometry specification and material assignment in cyclic
and static simulations for ISO 22675.

Part Behaviour Material

Heel (Base Assembly) Flexible Carbon Fibre Composite
Keel (Base Assembly) Flexible Carbon Fibre Composite

Bearing Plate Flexible Al Plate - 6082
Housing Rigid CF Epoxy Twill

Force Plate Rigid Structural Steel
Plate Mount Rigid Structural Steel
Force Pylon Rigid Structural Steel

the cheaper but more manufacturable aluminium alloy. The material properties

are taken from the data sheet of a major supplier [244], which is in accordance

with the BS EN 485-2 document [245]. Modelling the intended composite layup

was seen as an unnecessary complexity at this early stage of the project. As such,

the composite was modelled as an isotropic material, under the assumption that

the layup of the final design and resultant orthotropic nature, would cause only

minimal di↵erences of performance in the planes of action. A few di↵erent sources

of composite material properties were considered, a recommended supplier’s data

sheet, the material database of Granta EduPack [246], and the Ansys material

library. To determine which would be the most suitable, or if there would be any

significant di↵erence, a selection of basic studies were completed.

Intermediate material study

Five materials were featured in this study, all representing some form of an epoxy

carbon fibre prepreg laminate. The selection of materials and their mechanical

properties can be found in the Appendix section D. One of these was sourced

from a supplier’s data sheet, the XPREG® XC130 210g twill laminate produced

by Easy Composites [247]. The properties given are non-directional and typical

for the quasi-isotropic behaviour expected with woven fabric composites.

Two other materials have non-directional approximate material properties,

both are from the EduPack database [246]. One is an example of a biaxial lami-

nate, using a [0/90] layup. The other is another quasi-isotropic laminate formed

from a layup of [0/90,+45/-45]s, its properties are similar to the quasi-isotropic

XC130’s woven twill.

The final two materials are sourced from the Ansys composite database, pri-

marily to be used in the composite modelling module of the software. Both are rep-

resentative of a woven laminate much like the XC130 Twill, but have orthotropic
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Table 3.6: Sti↵ness results taken from the table D.3 in Appendix chapter D

Source Name
Sti↵ness
N/mm

Easy Composites XC130 210g 119.27
Granta Edupack Biaxial 148.44

230GPa 116.93
Ansys

395GPa 151.31

properties. They are given di↵erentiated names by the tensile modulus of fibres,

one being 230GPa and the other 395GPa.

The study was run on the ISO 10328 model as the setup and analysis param-

eters were established, and the purpose of the study did not require the use of

the newly updated geometry. An Ansys workbench project was setup with five

separate simulations, one for each carbon fibre variant. All settings were kept the

same, with the exception of applying the originally intended force. The stress and

deformation were both extracted using the built-in results of Ansys. In addition to

this, the sti↵ness was generated using a custom written APDL code snippet; the

full APDL script and set of results can be found in their respective sub-sections

of Appendix D.

These results indicate some correlation between the composite variants, but

this is likely to be coincidental. However, some inferences can be made to come

to a decision on which composite to use. It appears that the Biaxial layup bears

a similar sti↵ness value to the 395GPa Woven composite from Ansys. Both are

woven, but there is no further detail on the Ansys material. The other apparent

similarity is between the 230GPa Ansys weave and the XC130 from Easy Compos-

ites. Again, it appears that they share similar sti↵ness properties (see Table 3.6),

and whilst some additional information is known on the XC130, there is no layup

information within the Ansys database. It is known that the two Ansys materials

are the same layup but with di↵erent fibre moduli. So, it could be inferred that

both pairings are related, but this would not be possible as it is known that the

biaxial and XC130 are di↵erent weaves. Thus, only one pair could be a possible

match and it is believed to be between the 230GPa Ansys weave and the XC130.

The reasoning for this comes from further inspection into the fibre components of

the XC130. Produced by TorayCA®, the fibres have a modulus of 230GPa [248],

which incidentally is the same fibre modulus of the Ansys material. It is possible

then that the Ansys 230GPa weave is representative of a twill weave, just with

orthotropic properties; giving possible reason to the small di↵erences in results.
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Table 3.7: Material properties used in the ISO 22675 simulations.

Property
Material

XC130 210g Al Plate - 6082 Structural Steel

Density (kg/m3) 1610 2700 7850
Young’s Modulus (GPa) 55.2 70 200
Poisson’s Ratio 0.399 0.34 0.3
Tensile Yield (MPa) 645 255 250
Tensile Ultimate (MPa) 645 300 460

With the study completed, the decision came down to the Ansys 230GPa, and

the XC130. A biaxial layup for production would not be capable of providing the

directional properties needed for deflection of the structure. The XC130 can be

sourced for manufacture of the prototype and given that the Ansys 230GPa model

has similar sti↵ness properties, the Ansys 395GPa model would not be suitable.

There is little di↵erence between them, but at this stage the XC130 was chosen.

The geometry of the concept is not suitable for a layup and as such the use of

orthotropic properties would be of little benefit. It is simpler to continue with the

assumption of isotropic properties for now but keeping the Ansys 230GPa as an

option for future studies with directional properties. The final selection of material

properties can be seen in Table 3.7.

3.3.2 Contact & Joint Pair Definitions

The next step in developing the model was to setup the contact pairs between the

various parts. From the list of seven bodies in Table 3.5, there are six contact pairs

to join them. Of these seven, four are static connections between the test structure

Table 3.8: Concept model contact sets used in cyclic and static simulations for
ISO 22675. All contacts use Gauss integration point detection. Bonded contacts
assume small sliding. Frictionless contacts adjust interface to touch, depending
on the static setup, one is disabled.

Contact Set
Type Behaviour Formulation

Contact Target

Housing Pylon Bonded Asymmetric Penalty
Keel Housing Bonded Asymmetric Augmented Lagrange
B. Plate Keel Bonded Asymmetric Augmented Lagrange
B. Plate/Keel Heel Bonded Asymmetric Augmented Lagrange
Heel Force Plate Frictionless Asymmetric Augmented Lagrange
Keel Force Plate Frictionless Asymmetric Augmented Lagrange
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and simplified foot, whilst the other two are non-linear transient connections to

the force plate.

A summary of these contacts can be seen in Table 3.8, which follows the same

order of presentation as the selection of images in Figure 3.16. The static contact

pairs are all bonded, and non-linear pairs use frictionless contacts as determined

by the experimentation in Section 3.2.2. This activates the small sliding assump-

tion in bonded contacts, and Gaussian integration point detection between nodes

and elements of contact pairs; both settings improve solver e�ciency. Each pair

also uses an asymmetric pairing behaviour, with rigid bodies prioritised as the

(a) (b)

(c) (d)

(e) (f)

Figure 3.16: Contact pairs. (a)=Pylon - Housing, (b)=Housing - Keel,
(c)=Bearing Plate - Keel, (d)=Bearing Plate & Keel - Heel, (e)=Keel - Force
Plate, (f)=Heel- Force Plate
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target; part behaviour was also summarised in Table 3.5. All but one pair uses

the Augmented Lagrange formulation as this activates an algorithm to limit the

penetration of elements and nodes. A penalty formulation is applied to the hous-

ing and pylon pair, as it is a simpler computation, and penetration between the

two rigid bodies is of no concern. Other settings were left to the algorithm to

resolve, with the intention to revisit them should the need arise.

Another type of connection used in Ansys are the joints, which are used to

represent the mechanical behaviour between two parts. In this model, two joint

pairs are used on the test equipment geometry. A body-to-ground joint is applied

to the bottom surface of the plate mount, acting to anchor the full model in

the simulation space. The other joint is a revolute connection between the plate

mount and the force plate, using the aligned axle holes. An additional benefit of

this second joint is that it can be used to apply a rotational boundary condition

for use in the transient analysis. Due to this, the revolute joint is only kept active

for the transient problems.

3.3.3 Boundary Conditions

The ISO 22675 document provides thorough explanations of test equipment, load-

ing rates, and degrees of freedom. Within this document, two types of test are

defined; static and cyclic.

The static tests include loading levels expected to push the prosthetic to failure,

representing the worst conditions at heel-strike and push-o↵. Each of these then

has three categories: a proof test, lower ultimate, and upper ultimate. Under

these conditions, the prosthetic is expected to pass the proof test, and then aim

for the highest success under the ultimate test, but failure is expected. There

is also an additional level of load definitions, which represent di↵erent weight

categories of an amputee; to avoid repeating detail see the text in Section 3.2.1

for the classifications of these levels.

The cyclic test procedure recreates loading conditions throughout the stance

phase of walking, and only has loading level categories based on weight. These

forces are applied in the same manner as the static test, but the force plate tilt

angle also progresses in a synchronous manner. Within the test standard, this tilt

angle is declared as the range of angular movement from heel-strike to push-o↵,

defined by the lower leg angle in the sagittal plane as a function of time.
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ISO & Experimental Data comparison

All of the test data in the standard has been derived from experimental data sets,

collated together from various sources when ISO 10328 was drafted in 1996. The

purpose of the test document and procedures is to provide a framework in which

any prosthetic foot device can be tested, with the option of using personalised

gait data. As such, the standard provides a method in which to recreate the test

forces and plate angles. To understand how these forces are derived, the reader

is directed to the appendices of the document which contain the reference data

details. A key figure from this appendix is shown here in Figure 3.17 and will be

used as the visual reference for this sub-section.

There are four key forces in this diagram. The test force, F is applied vertically

at the top load application point. At the force plate, this creates a resultant force

FR and its two components, the tangential force FT and perpendicular force FP .

These forces are then related through geometric properties and three angles: ↵ISO,

�ISO, and �. Further to this, the following equations are also defined:

↵ISO + �ISO = � (3.1)

�ISO = arctan(FT/FP ) (3.2)

These relationships alone are not enough to derive all the force components,

but with some simple manipulation, two additional equations can be defined:

FR = FP/ cos �ISO (3.3)

F = FR cos↵ISO (3.4)

A test force profile can now be defined with 3.4, using the resultant force and

↵ISO angle. The resultant force can be derived from experimental force data and

using equations 3.2 and 3.3. However, the ↵ISO angle can only be calculated using

equation 3.1, which requires the tilt angle, �. It has already been stated that this

angle corresponds to the lower leg angle made in the sagittal plane. Should the

collection of kinematic data be unattainable, the standard has also defined a 5th

order polynomial, derived from the large dataset:

�(t) = 2.45074⇥ 10�12 ⇥ t
5 � 3.75984⇥ 10�9 ⇥ t

4

+ 1.77519⇥ 10�6 ⇥ t
3 � 1.08409⇥ 10�4 ⇥ t

2

+ 2.07217⇥ 10�2 ⇥ t� 20.041 (3.5)
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Figure 3.17: Appendix diagram taken from ISO 22675 [239]. This provides a
visual reference for the calculations used to derive the test force from experimental
ground reaction forces.
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This equation will produce a suitable tilt angle profile for loading periods of

exactly 600ms. In order to use this for other test frequencies, each coe�cient of

the polynomial must be multiplied by the following ratio:

✓
600 ms

x ms

◆ycoef

(3.6)

Where x ms is the loading period of the experimental data, and ycoef is the order

of the t parameter for the given coe�cient. Data was shared from a PhD body of

work, where force plate and marker kinematic data was collected during steady-

state walking [55]. A sample of this data was then selected and fed into equations.

The tilting angle equation became:

�(t) = 2.45074⇥ 10�12 ⇥
✓
600

733

◆5

⇥ t
5 � 3.75984⇥ 10�9 ⇥

✓
600

733

◆4

⇥ t
4

+ 1.77519⇥ 10�6 ⇥
✓
600

733

◆3

⇥ t
3 � 1.08409⇥ 10�4 ⇥

✓
600

733

◆2

⇥ t
2

+ 2.07217⇥ 10�2 ⇥
✓
600

733

◆
⇥ t� 20.041 (3.7)

This new tilting angle profile has been scaled to fit the new loading period.

With �ISO given by the ratio of vertical and anterior-posterior ground reaction

forces 3.2, these two parameters were fed into equation 3.1 to give the ↵ISO angle.

The final steps of this conversion were the use of equations 3.3 and 3.4, to find the

0 100 200 300 400 500 600 700

Time (ms)

-400

-200

0

200

400

600

800

1000

1200

F
or
ce

(N
)

-40

-20

0

20

40

60

80

100

120

A
n
g
le

(D
eg
)

apGRF vGRF F Mid-stance .

Figure 3.18: Experimental data was taken from a walking study [55], see the
apGRF & vGRF for the anterior-posterior and vertical components. The Test
force F and Tilting angle � values were then calculated
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resultant, and test force profiles.

A MATLAB script was written to calculate these values and export a plot of

the experimental data and resultant ISO test parameters; see Figure 3.18. For

this particular sample, the e↵ect of the anterior-posterior force is minimal, serving
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(a) Comparison of test force data input angles. The ISO data is

calculated using the fifth order polynomial of equation 3.7. Exper-

imental marker data is used to calculate the other two data sets,

with FH , and FK corresponding to di↵erent measurements of leg

angles. See the accompanying figure below.

(b) Diagram to visualise the di↵erent leg angle mea-

surements taken for comparison with the ISO equa-

tion. A vertical line is made from the centre of the

malleolus (ankle). A secondary line is then made

between the malleolus, and either the tibial lateral

condyle (knee), or the greater trochanter (hip). The

angle between these two lines is then found and de-

noted as �H or �K for the hip and knee leg angles.

Figure 3.19
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only to dampen the second peak of the test force. To compare the analytical

and experimental derivations of the � angle, two additional test force sets were

calculated. See Figure 3.19 for detail on how these were derived.

The first thing to note is the similarity between the ISO angle data, and the hip

angle data from the experiment. Both angles begin at around �20°, and generally

follow the same trajectory. The di↵erences seen can easily be attributed to the

small sample of a single experimental result in comparison to the large dataset

used to derive the ISO polynomial. Furthermore, although the angle profiles are

not an exact match, they do result in a distinctly similar test force profile.

On the other hand, the knee-angle data follows a noticeably di↵erent trajectory,

especially when comparing the terminal and mid-stance values. Thus, the test

force data diverges from that of the ISO profile. Such a noticeable di↵erence

is due to the flawed use of the knee joint as the leg angle determinant. This

measurement does not account for the flexion of the knee at heel-strike, hence the

shallow angle. At push-o↵, the angle is accentuated again because the flexion of

the knee is discounted, resulting in an exaggerated leg angle.

The ISO standard does not go into detail on how the leg angle was determined.

However, based on the above analysis, it is likely to be taken as the angle between

the vertical, hip, and ankle joint centres. Whilst this analysis su�ciently demon-

strates the use of personalised biomechanics data, the ISO data will be used for

the continuation of this work; due to the reliability of that data, and that the

experimental data used in the example derivation came from a small sample size

and would not necessarily fit within a population mean.

ISO Force Boundary Condition

Once the various levels of loading are taken into consideration, the static tests

have nine forces that can be applied to each static condition. A summary of these

loads can be found in Table 3.9. Included in this table are two values of tilt angle

for the force plate to be aligned at for a suitable reconstruction of the ground

reaction forces at heel-strike and push-o↵.

Whilst the standard does not provide an explanation on why specific scaling

factors are used, it can be assumed that they were simply derived much in the

same way the cyclic data was. The proof loads are the cyclic peaks multiplied by

a factor of 1.75, and the lower/upper ultimate values are the proof load multiplied

by a factor of 1.5 & 2 respectively.
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Table 3.9: Static load boundary conditions for the Proof (P), Ultimate Lower
(UL), and Ultimate Upper (UU) for heel and forefoot tests.

Setup condition
Heel Forefoot

Tilt angle: �20° Tilt angle: 15°

Loading level P3 P4 P5 P3 P4 P5

Test Force (N)
P 1601 2053 2227 1580 2026 2198
UU 2401 3079 3340 2369 3039 3297
UL 3201 4106 4454 3159 4052 4396

The cyclic loading data is split into discrete points at intervals of 30ms, with the

accompanying force and tilt angle data being synchronously split. These discrete

data points have been presented in Table 3.10. The only modification required

for translation into FEA boundary conditions was to re-define the tilting angle as

Table 3.10: Cyclic test transient load boundary conditions with format of ISO
22675. Within the Ansys models, the signs of tilting angle and forces are reversed.
In the tilting angle column, the value in brackets is the cumulative change in angle
used in the model boundary conditions.

Time (ms) Tilting angle (°) Test Force levels (N)
P3 (60kg) P4 (80kg) P5 (100kg)

0 -20 (0) 0 0 0
30 -19.5 (0.5) 238 306 331
60 -19 (1) 477 612 663
90 -18 (2) 716 919 996
120 -16.5 (3.5) 878 1126 1221
150 -15 (5) 915 1173 1273
180 -13 (7) 873 1120 1215
210 -10.5 (9.5) 785 1007 1092
240 -7.5 (12.5) 697 893 969
270 -4 (16) 632 811 880
300 0 (20) 611 783 850
330 4 (24) 632 810 879
360 8 (28) 694 891 966
390 12 (32) 781 1003 1086
420 16 (36) 866 1110 1204
450 20 (40) 903 1158 1256
480 24 (44) 861 1105 1198
510 28 (48) 698 895 971
540 32 (52) 463 593 643
570 36 (56) 231 296 321
600 40 (60) 0 0 0
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a cumulative series initiating at 0°. An adaptation required, as the force plate in

the model begins at �20° for heel-strike, and each successive step in rotation must

be applied in accumulation.

Translation to FEA Boundary Conditions

At the start of Section 3.3, the test apparatus was presented alongside the test

procedures. Together, they formed a set of rules on how the structure should be

restrained in order for the correct application of load. A key di↵erence between

the conditions for static and cyclic loading is the application of the revolute joint

on the force plate axis. When this is active for the cyclic loading, an additional

degree of rotational freedom in the sagittal plane is provided for the force plate.

A summary of these support boundary conditions can be seen in Table 3.11.

When applying the conditions to model geometry, it is important to ensure mesh

nodes do not share separate boundary conditions to aid the solver computations.

The remote displacement condition on the force plate is applied to the bottom

surface. The pylon structure has two conditions applied to it. A remote displace-

ment to limit translation to the vertical axis is applied on the cylindrical surface,

and the remote force is applied to the top load application point. Use of a remote

force on the pylon is required as the rigid body cannot accept a direct force appli-

cation. An additional boundary condition for just the cyclic tests is the revolute

joint, which was explained previously.

Table 3.11: Support and load boundary conditions used for the cyclic and static
simulations of ISO 22675.

Static Model

Geometry Type Description
Force Plate Remote Displacement Translational & rotational axes fixed

Pylon Remote Displacement Free to move along y-axis
Pylon Remote Force Applied force from table 3.9

Cyclic Model

Geometry Type Description
Force Plate Remote Displacement Free to rotate about z-axis

Pylon Remote Displacement Free to move along y-axis
Pylon Remote Force Applied force from table 3.10

Revolute Joint Rotation Cumulative angle values in table 3.10
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Table 3.12: Initial mesh settings applied to the foot assembly, used to provide first
solutions of mesh study for static and cyclic tests of 22675. Local controls were
used only in the static setup that required them.

Global Mesh

Element Order Element Size Growth Rate Max Size
Quadratic 5mm 1.85 20mm

Local Control

Geometry Size Curvature Proximity
Heel Body 4mm —- 2 Cells
Keel Body 5mm 70° 2 Cells

Statistics

Setup Elements Nodes Mesh Quality
Forefoot 31939 55456 0.827
Heel 38228 65850 0.818

3.3.4 Initial Mesh & Analysis Settings

The final stages of FEA setup involve generating an initial mesh and selecting

analysis settings. This section title includes ”Initial” in the title as with any FEA

modelling process, it is expected that these settings will require some tweaking to

achieve convergence and realistic results.

As such, the preliminary models would be run under the static conditions so the

model would solve quicker and further tweaks could be made in a timely manner.

A general set of mesh controls were applied in each static condition, and then

depending on which event was being modelled, further local controls were applied

to specific bodies. A summary of these mesh controls and associated statistics can

be seen in Table 3.12, with screenshots of the mesh used in the forefoot condition

presented in Figure 3.20.

(a) (b)

Figure 3.20: Mesh used for the initial simulation of forefoot test condition
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Table 3.13: Analysis settings for static and cyclic models. Output controls were
set to record all possible streams of data

Setting Static Cyclic

Analysis system Static structural Transient structural
Solver type Direct sparse matrix
Number of steps Load variant 20
Initial time step 1s 1E-02s
Min. time step 1E-01s 1E-03s
Max. time step 1s 3E-02s
Large deflection On On

With these local controls the element count can be reduced in areas it is not

required, and subsequent mesh refinements can be focused. Likewise, the analysis

settings were mostly left as default. The solver was set to a direct sparse matrix

type, and time steps set to 1 second intervals. As mentioned before, the standard

defines a set rate of load application between 100-250N/s. The maximum value of

this range was used to split the full given load into a suitable number of load steps.

Whilst this has little e↵ect on the material e↵ects due to no plastic behaviour, it

would help to resolve potential convergence issues. The final control was turning

on ’Large Deflection’, which instructs the solver to account for large strains; a

predicted results based on the simulations ran during the original design work. A

summary of these settings with values is included in Table 3.13.

3.3.5 Heel Contact Convergence Study

With the setup completed, preliminary simulations were run beginning with the

heel test condition. An immediate issue arose with a stress singularity in the

corner of the heel which makes first contact with the plate. A convergence tool

was used to assess the extent at which this would distort the true result; see Figure

3.21. The software was instructed to aim for a 10% maximum change and was

stopped after the 5th iteration regardless.

It can be seen that the singularity causes an exponential increase in stress with

no indication of levelling o↵. Such a phenomenon is common in FEA modelling,

and a simple workaround is to apply a fillet to the sharp geometry to assist in

the redistribution of stress. If the fillet is not an original design feature, then it is

important to ensure the scale of the fillet relative to the original geometry is kept

to a respectable minimum. With this in mind, a 1mm fillet was applied to the

longitudinal bottom edge of the heel spring.
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(a)

(b)

Figure 3.21: The initial stress plot of heel test condition. Notice the peak stress
occurring on a node located on the edge where first contact is made. The second
image is the plot generated by the Ansys convergence tool, which refines the mesh
in key areas to resolve convergence.

The initial stress result was higher than the before, but the final value was

lower, albeit still too high for a reasonable result. It was therefore suspected that

contact settings needed adjusting. To confirm this, the contact formulation was

switched from Augmented Lagrange to a Normal Lagrange which creates a much

more rigid contact and would be expected to raise the stress even higher, which it

did by an increase of 22%.

Following this a series of simulations were ran to assess the e↵ect of changing

the contact normal sti↵ness factor. As expected, the increasing the sti↵ness factor

also raised the stress values. Furthermore, the highest value tested of 0.9, which is

close to the default value of 1, resulted in a converged value. An additional setting

was adjusted, which directed how the sti↵ness should be updated, forced either
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Figure 3.22: Stress results from heel contact convergence study, with failed con-
vergence in red and successful in green. See the accompanying text for additional
explanation of the explored parameters.

normally or aggressively each iteration. The standard update also converged, but

these two results were deemed inaccurate as the stress values were still too high,

and the stress distribution highly localised. The aggressive sti↵ness update was

able to resolve the sti↵ness to a more appropriate stress. It failed to converge after

five iterations, but the final iteration did see a drop of 83%.

Contact detection and node penetration tolerances were also explored. A pro-

jected node detection method was marginally better than the other methods. It

would also benefit this particular type of initial contact which relies on the ac-

curate detection of the point contact. Increasing the penetration factor to 0.9

significantly dropped the stress in comparison to the value generated from the

default factor of 0.1. However, as this factor represents a threshold it resulted in

an increased penetration of meshed bodies which caused peak stresses to occur

inside the heel body.

Next, a series of models were run with a mixture of the most e↵ective pa-

rameters explored in the pilot models. The formulation was kept to Augmented

Lagrange, with the detection method set to Nodal-Projected Normal from Contact

as this is better suited to accommodating some initial penetration issues. In ad-

dition to these two settings, the sti↵ness factor was left to the default programme
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Figure 3.23: Stress plot from the converged heel study. Although the maximum
value converged, it still has a localised area of e↵ect to two nodes proximal to the
corner. See the main text for further explanation.

control of 1, but the solver was instructed to aggressively update the sti↵ness

based on the changing contact. This left the penetration tolerance as a poten-

tially explorable value. The mixed models from 1-3 had the penetration tolerance

factor set to 0.9, 0.5, and 0.1 respectively.

The first two mixed parameter models successively converged to a maximum

von-Mises stress of around 100-110MPa. However, these two results were achieved

with tolerance values set to accept much higher levels of contact penetration.

When the tolerance factor was set to 0.1 in the 3rd mixed parameter study, the

stress failed to converge again. In the final study, this tolerance value was left

to the programme to adjust based on the other contact parameter settings. This

final study was successful in converging on a reasonable estimation of stress, which

also happened to align with the results seen in the very first failed study. These

similarities can be seen when comparing the plots in Figures 3.21 & 3.23. The

maximum stress could still be identified as a local e↵ect, but this would be expected

of a very sti↵ structure, unable to elastically deform to displace the build-up of

stress from the point of contact; the corresponding deflection is 0.62mm.

Based on these results, the settings required to achieve a satisfactory stress

convergence on the heel have been determined. By instructing the solver to ag-

gressively search for a sti↵ness, and projecting the nodes to overcome initial pen-

etration errors, the additional tolerance factor parameters need no modification.

Arguably, this is preferable as the parameter study results seen in Figure 3.22

reveal how sensitive the stress maximum value is to these.
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Mesh Dependency Comment

As a result of the contact convergence study, the heel study converged in a single

step of 0.75% change. The mesh settings in Table 3.12 were slightly adapted in this

successful study, where the body size control on the heel changed to an element

size of 3mm with 3 elements across a gap. As such, there was no need for an

additional mesh study.

3.3.6 Forefoot Mesh Dependency Study

The attention turned to the static forefoot case. No contact changes from the

heel study were used in the initial simulation as the previous experimental and

analytical work had suggested no issues. The result of this initial study revealed

the same issue with a contact stress singularity, see Figure 3.24. This peak of

840.77MPa right on the tip is unexpected behaviour. It would be reasonable to

treat this structure as a curved cantilever beam, where the anchor point is on

the thickest section of the toe springs. Therefore, it would also be plausible to

assume the largest bending stress would occur proximal to this anchor point on

the surface, instead of on the distal toe edge.

A convergence tool was applied and confirmed the singularity with over a 300%

increase after three iterations. To seek a solution, a 1mm fillet was applied to the

bottom edges of both toe springs, and the frictionless contact settings were reset

back to programme control. With these changes, the solver was able to converge

upon a solution of 433.25MPa, which midway along the toe spring making the

initial contact; see Figure 3.25.

Figure 3.24: Stress plot from the initial simulation of the forefoot mesh study.
Notice the same stress singularity at the site of first contact.
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Figure 3.25: Converged solution that had settings left to the solver to determine.

With this success, the next step was to determine an equivalent manual mesh

setup to recreate the converged tool solution. A simple decrease to a 3mm element

size for the body control on the keel achieved this. However, the solve time for

this came to around 8 minutes, a significant increase to the 2m30s solve time for

the converged heel solution. The mesh control on body size was replaced with

three new control methods. A hexahedron dominant method was applied to the

bearing plate, and a tetrahedron method to the heel and keel. To control the keel

elements, a face sizing method was applied to the profile and top surfaces of the

toe spring portion. This method was set to an element size of 3mm, a growth

rate of 1.5, and 3 cells across a gap. With this setup, the stress result produced

a converged results within 3 minutes, but with a maximum stress of 425.66MP.

Although this is di↵erent to the convergence tool solution, the drop is only 2%,

which is an acceptable deviation given the approximate nature of FEA models.

3.3.7 Final mesh & contact settings

Through the mesh and contact studies, settings were discovered for the static

models that would produce reliable results. For the cyclic models, these boundary

conditions are combined as the key components act separately from each other,

removing issues of compatibility. The global mesh setting was left unchanged,

with no adaptive sizing, and an element size of 5mm. The tetrahedron and hexa-

hedron mesh method controls from the forefoot study were carried over to the heel
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Table 3.14: Final mesh settings applied to the foot assembly, used for converged
solutions in static and cyclic tests of 22675.

Global Mesh

Element Order Element Size Growth Rate Max Size
Quadratic 5mm 1.85 20mm

Local Size Control

Geometry Size Curvature Proximity
Heel Body 3mm — 3 Cells
Keel Faces 3mm — 3 Cells

Local Method Controls

Heel & Keel 10-Node Tetrahedron
Bearing Plate 20-Node Hexahedron

Statistics

Setup Elements Nodes Mesh Quality
Forefoot 56830 94318 0.823
Heel 58612 98477 0.843
Cyclic 76528 127437 0.836

setup with no change in results. These two methods produce the 10-node element

SOLID187 seen on the left of Figure 3.26, and the 20-node element SOLID186 on

the right. Both are quadratic elements, suitable to recreate the geometry of the

prosthetic foot, and handle the large strain deflections.

The summary of all mesh controls and statistics can be found in Table 3.14.

Importantly, the mesh quality maintains a respectable value of around 0.83. This

statistic is a combined measure of other metrics that quantify the shape charac-

teristics of the elements. Mathematically, it is the ratio of the volume to the sum

of the square of the edge lengths. On a scale between 0 and 1, a value closer to 1 is

indicative of a perfect geometric shape. Such a shape is ideal for proper discreti-

sation of the model and improved capability to produce a reliable and accurate

solution. Beyond the quality, the total element and node count increase is not

significant enough to pose concern for excessive solve times; a particular concern

with high volume of models ran for a design study.
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Table 3.15: Key settings used for the frictionless contacts between prosthetic and
force plate. Penetration and sti↵ness values are for the threshold factor.

Setting Heel Keel

Formulation Augmented Lagrange
Detection Method Gauss Point Projected Contact

Penetration Tolerance 0.1
Normal Sti↵ness 1
Sti↵ness Update Aggressive Normal

(a)

(b) (c)

Figure 3.26: Above: The final mesh used for the cyclic studies. Below: The two
key elements used in discretising the prosthetic components. On the left is 10-node
SOLID187 tetrahedron, and on the right the 20-node SOLID186 hexahedron.

The mesh generated for the cyclic model can be seen in Figure 3.26, alongside

schematics for the two main element types that discretise the geometry. Both of

these elements are quadratic with mid-side nodes which assist in providing more

accurate results. They both also have three translational degrees of freedom within

a standard cartesian system.

From the contact studies, it was determined that giving control to the solver

to select the optimum values worked the best. However, for purpose of creating

consistent results, it was decided that some of these values should be manually

defined. This simply involved reading the APDL output script of the simulations

to discover what values the solver used. When left to the solver, the penetration

and sti↵ness factor values always defaulted to 0.1 and 1 respectively. Other key

settings have been summarised in Table 3.15.
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3.3.8 APDL Script: Roll-over Shape

A final addition to the Cyclic model, is a custom APDL script written to extract

the rollover shape. The mathematical procedure to generate these shapes is well

documented, but to the author’s knowledge there is yet to be a FEA model in

the literature which directly produces the data points. Traditionally, these shapes

are computed from kinetic and kinematic lab data. The centre of pressure data

is then transformed into a local coordinate system to produce the rollover shape.

However, the setup of the FEA model presented here produces a dataset which is

neither one nor the other. Instead, the CoP data is presented along the x-axis,

whilst the joint centres remain vertically aligned, and displaces as the foot deforms

on the force plate. This data can be seen in the top-left plot of Figure 3.27. In this

same figure, the top-right plot is the FEA data transformed into the conventional

kinematic progression of the lower leg.
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Figure 3.27: Kinematic data transforms. Top-left: joint centre & CoP data from
Ansys. Top-right: Ansys data transformed into conventional lab data. Bottom-
right: Ansys data transformed into Rollover shape data points (coloured circles).
The rollover shape curve is calculated within MATLAB. Bottom-right: the trans-
form of co-ordinates using the series of calculations from 3.8.

The transform matrix used to convert the FEA data into a roll-over shape is

the same as used in previous literature [249]. Where COPx is the x-position of

the centre of pressure, and AJCy is the y-position of the theoretical ankle joint
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centre, this equation is given as:

"
xROS

yROS

#
=

"
cos(✓P late) sin(✓P late)

cos(✓P late) � sin(✓P late)

#
⇥
"
COPx �AJCy

�AJCy COPx

#
(3.8)

On paper, this is a relatively simple calculation with easily derived variables.

However, to achieve the desired autonomy within Ansys, a script was written in

the APDL language to scrape the required information from the raw data files.

This script can be found in section D.3 of the Appendices.

This code can successfully extract the rollover shape data points, and also

includes a modified version of the sti↵ness script from the static studies, to produce

a sti↵ness curve as a function of the foot length. However, there are limits to the

calculations within the APDL script. It is common to fit a circular arc to these

points, which provides a smoother approximation of the shape for use in kinematic

models. In the literature, the equation for the lower half of a circle is used [250]:

ycirc = yo �
q
R2

circ � (xcirc � xo)2 (3.9)

Where the values xo and yo are the centre co-ordinates for the curve, and Rcirc

is the radius of the arc. Following the same methodology as the literature, first

approximations of these parameters are found using the least-squares solution of

the 2nd order Taylor series expansion of equation 3.9, which is expanded about

the mean value of COPx. These are then fed back into the original shape function

which approaches a solution using a non-linear curve fitting algorithm. With the

functional limitations of APDL, these final calculations were completed within

MATLAB. The fitted curve can be seen in subfigure (c) of Figure 3.27. This

has potential to be a useful tool in the design optimisation of prosthetic feet, see

Figure 3.28. A parameterised foot created in Solidworks will have the parameters

passed into the Ansys model, which through the custom APDL script, controls

all operations including the passing of data to Matlab and import of the Matlab

fitted curve back into the Ansys parameter set. Ansys can then use the rollover

shape in a design optimisation study, however this is just one example, and it is

feasible for any prosthetic KPI could be generated in the custom code.

In the following chapter, the prosthetic tool design methodology will be docu-

mented. However, as the rollover shape was inconsequential to the goals of that

tool, this rollover shape extraction script was not used in the analysis. Despite

this, it has been successfully employed in a parallel body of work, which sought

to optimise the rollover shape of a printed prosthetic foot [55].
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Figure 3.28: A flowchart diagram of the rollover shape optimisation loop.

3.4 Concept ISO 22675 Results

The final section of this chapter will evaluate the simulation results of the Concept

design under the newly developed model, based on the test standards of ISO 22675.

Firstly, the static test cases, which omitted the mechanical components, and set

the housing as a rigid body due to concerns of structural strength. All three levels

of loading were attempted for both heel and forefoot setups.

Despite the successful convergence of the heel study, some concerns still re-

mained on whether the peak stress values were indicative of real values, or an

FEA artefact due to the sti↵ geometry. As such, a probe tool was used to discover

the stress value on the topside, with the reason being that this is where the stress

would accumulate naturally; see Figure 3.29. In this figure, the heel has experience

the P3 level of loading, and produced a peak stress of 260.4MPa in the corner. The

probe on the upper surface has found the max value to be 130.85MPa. Based on

gradation of colour representing the stress, this probe value also appears to occur

close to the peak site. Consequently, the St Venant’s Principle could be applied

here and the stress peak on the first contact point may still not be realistic. The

probe result, and its relative closeness in vicinity to the peak value, presents itself

as the more reasonable estimate.
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Figure 3.29: Simulation results from the P3 proof load on the heel test condition.
Note the concentration of stress and the comparative probe result in the bottom
image.

For the sake of comparison, both the heel max and probe have been included

in the stress result summary of Figure 3.30. The von-Mises stress is reported as its

energy-based approximation is more useful in design analysis than the individual

principal stresses. As expected, the increased forces of the sequential loading P-

levels causes a linear increase in the peak stress for all reported values. The keel

experiences a larger peak stress, which is due to the greater deflection (strain)

0 100 200 300 400 500 600

von-Mises Stress

P3

P4

P5

Heel-probe Heel-max Keel-max

Figure 3.30: Bar chart of von-Mises stress for all three P-levels of the Proof Test.
The orange and yellow bars are max values for the heel & keel respectively. A
probe was also added to the upper surface of the heel as a comparison value with
the concentrated max value; see Figure 3.29.
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exhibited by the less sti↵ geometry. From P3 to P5, the heel experienced maximum

deflections of 0.49, 0.58, and 0.63mm. Whereas the keel underwent deflections of

12.95, 16.15, and 17.62mm; an increase of around 2500%. Based on just these

proof test results; the heel is clearly an inadequate design to su�ciently dampen

the initial contact at heel-strike.

For theses initial studies, the housing was left rigid. To verify the hypothe-

sised structural weakness, the housing structure was made rigid, and the models

ran again. The same carbon fibre material properties were applied, with the as-

sumption of quasi-isotropic layup. Under the heel loading condition, the housing

structure withstood all levels of loading without experiencing failure. In all levels,

the peak of stress occurred on the same corner near the neck of the connection to

the pylon, see Figure 3.31.

However, under the forefoot loading condition, the geometry fared much worse

and failed at the first level (P3) of loading. The peak stress still occurred at the

neck of the pylon connection, but at the front this time. In addition to this, a

(a) (b)

(c) (d)

Figure 3.31: A selection of results from studies where the housing component was
made flexible. Top: Heel condition P5 loading, with a peak stress on the rear of
the neck. Middle: Forefoot condition P3 loading, with the failed peak stress at
the front of the neck. Bottom: Comparison of the unloaded geometry on the left,
and the buckling strains caused under forefoot P3 loading on the right.
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second peak of stress occurred at the front of the housing where the geometry

narrows down in diameter and opens up at the front to provide space for the

energy limb to deflect. The corresponding strain was large enough to cause sig-

nificant buckling of the geometry in this area, see Figure 3.31. As a result of this,

the Ultimate loading level simulations were disregarded as they would o↵er no

additional information on the design performance. It is evident that the housing

component is too thin and lacks the required supporting structure to withstand

the magnitude and vector direction, which acts down into the weakest area of the

geometry.

3.5 Summary

The work presented in this chapter has led to the establishment of an FEA model

that faithfully recreates the boundary conditions for not just static tests, but also

the cyclic test, see Figure 3.32. Whereas similar studies have created a transient

study from other prosthetic standards [251]. To the authors knowledge, this would

be the first model to faithfully represent the full stance cycle from ISO 22675

and extract additional parameters such as the rollover shape. Furthermore, the

capacity to replace the ISO force and angle data with personalised experimental

data has been demonstrated as a prospective direction to take in future design

optimisation work.

Figure 3.32: A progression of stills taken from the P3 cyclic study. Taken at 30ms,
150ms, 200ms, 350ms, 400ms, and 480ms.
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Chapter 4

Prosthetic Design Tool

With the conclusion of the last chapter, a robust FEA model has been created

using ISO defined boundary conditions. This model was then used to perform an

initial appraisal of the concept design. As the result of those simulations, it was

realised that the concept had some significant structural deficiencies and would

need to be refined. The work presented in this chapter follows the refinement of

the design, utilising various design of experiment tools. A set of design criteria

are defined, and each component is reviewed with targets set to achieve these

requirements.

4.1 Concept Reflection

The housing and bearing plate are required to hold the spring mechanism compo-

nents and the shafts they sit on, with the housing also providing vital structural

support. The heel spring should provide su�cient shock absorption at heel-strike,

whilst the keel spring provides the traditional role of energy storage. Deflection

of the keel spring should also be balanced to further facilitate the deflection of

the lever, without sacrificing its support function. With the lever sitting in the

middle of the keel spring, it creates a split-toe design which assists in the medio-

lateral actions of foot inversion and eversion. A selection of key design specs have

been defined with quantifiable criteria, see Table 4.1. These are general enough

to define the conceptual mechanism, see Figure 4.1b, but also have suitable target

values that are used in optimisation studies of specific components.

The mass criteria aims to keep the design lightweight to avoid amputees feeling

uncomfortable or changing their biomechanics. In the same sense, the foot height

and length, and spring diameter criteria have been setup to keep the design com-

pact. Other criteria are all related to the desire performance, with spring energy
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Table 4.1: Design specification points for the prosthetic concept revision

ID Requirement Acceptance Criteria

PROS-1 Maximum Mass <1.5kg + 0.5kg
PROS-2 Total Height <200mm
PROS-3 Total Length 200mm x 300mm
PROS-4 Spring Energy 9J ±3J
PROS-5 Spring Diameter <60mm
PROS-6 Gear Ratio >4
PROS-7 Foot Strength ISO-22675 (P4): FoS>1.5
PROS-8 Toe Deflection 10-15mm
PROS-9 Lever Rotation Angle 10° ± 3

based on papers that have quantified energy patterns of other feet [194]. The

gear ratio, toe deflection and lever rotation angle are defined to allow freedom to

achieve the spring energy storage, through controlling the amount of spring deflec-

tion. Finally, the ISO-22675 Factor of Safety (FoS) requirement at a P4-80kg level,

is needed to assure the safety in using this foot on amputees in clinical studies.

From the simulations completed, it can be said that the housing and heel spring

have determinedly failed in their respective roles of support and shock absorption.

Based on the cross-section view in Figure 4.1, the design is also not compact as

there is a significant amount of unused space within the housing. Furthermore,

Housing

Foot Assembly Lever

Carbon
Spring

Cams &
Gears

(a) (b)

Figure 4.1: Section view of CAD model, and schematic of mechanism principle.
The carbon spring acts as an e↵ective series spring, which is compressed when the
wire connected to the cam is pulled down. This action is generated when the lever
is compressed during midstance, causing the gears and attached cam to rotate.
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the open front of the housing poses a risk to the mechanical components seizing up

due to debris ingress. Thus, a design revision was worked on in order to maintain

the desired performance characteristics, whilst solving the issues with the housing.

4.1.1 First Design Revision

Work on the first design revision revolved rearranging the pre-existing components

with some modifications to solve the issues identified in the previous subsection.

The heel and keel springs were kept separate, a feature that would allow for their

individual optimisation to suit the distinct tasks that is required of them. Where

the bearing plate was previously used to hold the shafts of the mechanism, in this

revision it was removed, and the housing took on that role entirely. Regarding

the housing itself, it encloses the mechanism to a higher degree, and is no longer

bearing the full weight of the amputee; the keel wraps around and over the top.

Some of the mechanism components were also adapted. The manufacture

of the previous lever with an integrated gear would be di�cult and expensive,

especially as the original plan had proposed a composite material. Considering

this, the main gear was separated from the lever and duplicated either side on the

same shaft. An additional benefit of this is that the load and shaft torques that

pass through the system are now split, reducing the strength requirements of the

gear. With this change, the two cams are now reduced to just one, but should

still theoretically be capable of fulling the role of pulling back on the composite

spring.

Figure 4.2: Section profile and front view of the first design revision, with the
components remaining the same, but the arrangement changing. The keel spring
is extended over the housing unit to avoid the structural failure, and there is less
of an opening where the lever protrudes.

108



CHAPTER 4. PROSTHETIC DESIGN TOOL 4.2. RETHINKING THE DESIGN

4.2 Rethinking the Design

Following the first design revision, the decision was made to evaluate the entire

design with more constructive scrutiny. With the composite spring being an im-

portant component in delivering the sti↵ness assessment, it made sense to begin

the redesign with the key energy storing component.

In the literature, the ankle joint will perform negative work during early stance

when it stores energy, which is then released as positive work at push-o↵. The

ankle joint contributes around 60% or 30J of the total mechanical work performed

by the lower limb joints [21]. It would be unreasonable to expect the composite

spring or a passive mechanism in general to reach the natural energy metrics.

A study on energy properties of passive feet in 1993 found the range of ankle

joint energy stored between 8.68-15.22J, whilst the energy released was between

1.81-9.52J [186]. Directly comparing a SACH foot to an ESAR foot revealed

the latter produced 9.46J of ankle work compared to the SACH foot’s 4.3J [194].

These values of energy return appear to be consistent in the literature. When test-

ing the prototype CESR foot, the researchers compared the novel design against

the subject’s prescribed foot, and a conventional ESAR prosthetic as a control

against user familiarity. The control foot produced 8.9J of push-o↵ work, whilst

the prescribed foot and novel prototype fared better with 12.1 and 21.8J of push-

o↵ work [43]. This increase in positive work with the prototype foot was beneficial

in improving the power and work metrics of the subject’s gait.

Before work on the mechanical spring was initiated, the composite spring was

analysed with simulations verified with theoretical estimations. The purpose of

this brief study was to compare the theoretical energy storage of the composite

spring to the literature values and determine a suitable target for the mechanical

spring. An explanation of the simulation setup and derivation of the analytical

equations can be found in the Appendix Section E.1. Results of these can be found

here in Table 4.2.

These results indicate the clearly insu�cient design of the composite spring

when compared to the values seen in the literature. The simulation results were

Table 4.2: Deflection and strain energy results of the composite spring study

Deflection (mm) Strain Energy (mJ)

Simulation 3.32 824
Analytical 2.93 732
% Di↵erence 11.08 11.17
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found to be invariant to the mesh element sizing, which suggests the di↵erences are

likely due to the simplified calculations used in for the analytical results. With this

cursory study completed, attention shifted towards the design of the mechanical

spring.

4.2.1 Energy Storage: Spring

Designing a helical compression spring from scratch can be approached from var-

ious starting points. In many cases, the spring designer will know the operating

loads and will parameterise the spring material properties and dimensions to ac-

commodate these working loads. For this particular use case, a targeted range

amount of strain energy stores was the objective. However, this is not a compo-

nent that can be easily optimised with algorithmic methods, due to the the number

of input parameters. The time taken to code such a method would quickly hit a di-

minishing return, and so it was decided to create a design spreadsheet to organise

the calculations and assess the variable design options.

To assist with this process, a selection of mechanical design books were ref-

erenced for the calculations and guidance [252, 253, 254]. One of the first key

decisions was on the choice of material. In the literature the options are mostly a

variation of spring steel or steel alloy, with recommendations pointing to a partic-

ular grade known in the industry as Music Wire. The properties of this material

were taken from the book from which most of the calculations were based [254];

these can be seen in Table 4.3.

The other key decision to be made was end type of the spring which would

define the formation of the coils at the spring ends. Closed and ground were chosen

as this creates a better transfer of load due to the zero-degree helix and flat faces

of the last coils.

With the operating loads unknown, it was decided that the design of the spring

would be primarily based on the geometry. This setup would thus require the

following input parameters:

Table 4.3: Material properties used for the Music Wire, which is classified as
ASTM A228. This material cannot be easily sources in the UK and so the eventual
supplier used EN 10270-1 Hard Drawn Steel with equivalent properties.

Wire Diameter Material Constant Exponent Young’s Shear Density
d (mm) B (MPa.mm) q E (GPa) G (MPa) kg/mm3

0.1 - 6.5 2211 0.145 203.4 82700 7.75E-06

110



CHAPTER 4. PROSTHETIC DESIGN TOOL 4.2. RETHINKING THE DESIGN

• Hole Diameter, DHole: defines the cross sectional area in which the spring is

enclosed

• Allowance, a: a bu↵er dimension between the outer spring diameter and

DHole

• Wire Diameter, d: size of the spring wire

• Free length, L0: Length of the spring when uncompressed

• Active Coils, Na: Number of active coils when the spring is in use

From these inputs, the mean spring diameter Dsp, solid length Ls, Pitch psp,

total coils Nt, and the spring index Csp = d/Dsp can all be calculated. This

spring index value is used in calculating a correction factor for the shear stress

under load. If a section cut is made through the spring when under load, the cut

portion of the wire would contain a direct shear force and a torsion, which when

super-positioned can define the max shear stress as:

⌧max =
Trw

J
+

Fsh

Aw
(4.1)

Subbing in values of T = FshDsp/2, rw = d/2, J = ⇡d
4
/32, Aw = ⇡d

2
/4, and

the spring index Csp allows for Equation 4.1 to be rearranged to:

⌧ = K
8FshDsp

⇡d3
(4.2)

Where K is the curvature correction factor. In the current form, equation 4.2

is based on the wire remaining straight at the cross section cut. But the curvature

of the wire means the stress is slightly larger on the inside and to account for the

variation, the correction must be applied. The literature provides a small selection

of di↵erent correction factors. In these calculations, the Bergstrasser factor is used:

K = KB =
4Csp + 2

4Csp � 3
(4.3)

Before moving onto check the stress and energy characteristics, a few geometry

checks are made. The first is to check that the expansion of the compressed spring

does not impact on the sides of the enclosing chamber:

Dexp =

r
D2

sp +
p2sp � d2

⇡2
+ d (4.4)

The other check gives the spring the same consideration of a column under
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Figure 4.3: Figure taken from a reference book, plotting the wire diameter against
tensile strength on a logarithmic scale [253].

vertical load, and determines the critical length to ensure stability and avoidance

of buckling:

L0 <
⇡Dsp

Sec
⇥
r

2(E �G)

2G+ E
(4.5)

The ultimate tensile strength of springs can vary to a large degree and can only

be defined once the wire diameter has been decided. If the wire size and tensile

strength are plotted on a logarithmic scale, the relationship is almost completely

linear, see Figure 4.3. This relationship can be defined by the following equation

which uses quantities from Table 4.3:

Sut =
Aw

dq
(4.6)

Various research and experimental data analysis has shown how post-processing

and e↵ects like spring set can a↵ect the values for maximum shear stress in the

wire. It was decided to take the most conservative calculation to ensure the op-

eration of the spring would remain safely with the material capabilities. This led

to the maximum allowable shear stress being given as ⌧max = 0.45Sut.

Castigliano’s theorem can be used to define the total strain energy held in the

spring, as well as the deflection and thus the spring rate. Beginning with the total

strain energy, which is composed of a torsional and shear component, given as:

SE =
T

2
l

2GJ
+

F
2
shl

2AwG
(4.7)

The same substitutions are made here as when defining the shear stress equa-
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tion 4.2, but with the addition of l = ⇡DspNa. This gives the following definition:

SE =
4F 2

shD
3
spNa

d4G
+

2F 2
shDspNa

d2G
(4.8)

The total deflection can then be derived from the basic principle of Cas-

tigliano’s theorem, taking the partial derivative of strain energy SE with respect

to force Fsh:

ysp =
@SE

@Fsh
=

8FshD
3
spNa

d4G
+

4FshDspNa

d2G
(4.9)

However, the term on the right is negligible in comparison to the left and can

be removed. This allows for a simple rearrangement to find the force required for

a given deflection as:

Fsh
.
=

yspGd
4

8NaD
3

(4.10)

Equations 4.2, 4.3, 4.8, and 4.10 can be used to calculate the shear stress,

energy, and force created when a spring is deflected. The input parameters are the

spring dimensions and material properties. It was decided to base the maximum

of these calculated values on a safe proportion of the spring solid condition.

The spring solid condition is when the spring is compressed fully so that all

coils are touching. This is a highly unfavourable condition to operate the spring

to, but is useful in determining the maximum characteristic values which can then

be adjusted based on a clash allowance, which is the operating maximum defined

as a proportion of the spring solid condition. Literature recommends this clash

allowance should be a minimum of 10% of the solid length for increased operating

lifetime. It was therefore decided to set this allowance to 20% for additional

assurance.

All input parameters, calculations and outputs were implemented into an Ex-

cel spreadsheet to check the calculations. It was stated before that optimisation

of these parameters using a response model would be time consuming to setup

with limits and then verify. There are three outputs or objective functions: max-

imising the strain energy, minimising the force, and minimising the shear stress.

To explore the sensitivity of these outputs with regards to dimensions, the spring

was modelled in MATLAB Simulink®.

The inputs were four geometry parameters. Their upper and lower bounds

were selected with the intention of exploring the full design space including any

extremes, but the values should still be manufacturable. Spring mean diameter

was given bounds first. It was decided to go 10mm above the criteria in Table 4.1 so

that the extremes would be captured in the parameter set. Other parameters had
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Figure 4.4: Scatter and Histogram plots of the Simulink spring parameter set.

their limits selected based on sensible ranges with respect to the spring diameter.

See the following list of parameters and bounds:

• Spring mean diameter, Dsp: 30 - 70mm

• Spring wire diameter, d: 3 - 7mm

• Number of active coils, Na: 4 - 9

• Spring free length, L0: 60 - 100mm

These parameters were given a uniform distribution as the bounds are both

fixed points and the so range is known. A uniform distribution is also desired

for highly systematic space-filling when the parameter set is generated. Simulink

o↵ers several sampling methods to populate the parameter set, each of which

generates random samples of parameter values. By default, the method is set to

simple random sampling, but this was changed to a Halton quasi-random sequence

with scrambling turned on. With this method, the quasi-random sequence is

more e�cient at generating a uniform space-filling design space. A parameter

set of 100 points was created with the above settings, see Figure 4.4 for a visual

representation of the parameter distributions.

This parameter set was then computed within the Simulink model and the

resulting design space can be seen in the collection of plots in Figure 4.5. Of

the three outputs, the shear stress has been explored the most by the parameter

sets. There appears to be some similarity between the applied force and strain

energy, possibly due to the representation of material properties in their respective

equations.
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Figure 4.5: Contour plots of the Simulink parameter design space. Each row is a
di↵erent pair of parameters, and each column is an output from the model.
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To assess the parameter sensitivity, a correlation analysis was performed. Due

to the uniform parameter distribution, non-linear trends in the results data and

presence of outliers, a Spearman rank correlation type was used. As there can be

an issue with standard correlation mixing e↵ects of di↵erent parameters, a partial

correlation method was also employed to remove the e↵ects of other parameters;

see Figure 4.6 for a tornado plot of these correlation statistics.

The mean diameter of the spring has the strongest e↵ect with a negative corre-

lation of all three outputs as it increases in size. This makes sense as it is frequently

in the numerator of the equations and raised to a power. Its e↵ect is to reduce

the amount of deflection for any unit length of a spring, and in doing so will lower

the strain energy and shear stress. Despite not directly featuring in the output

calculations, the free length L0 has a comparatively strong positive correlation

with the outputs. It is likely this is because a longer spring can accommodate

more deflection, which would increase the strain energy stored and also the force

and associated shear stress.

The number of coils also has a negative strong correlation with all three out-

puts, as increasing the coils creates less space for them deflect before touching.

Interestingly, the wire diameter has a negative correlation with the shear stress,

but positive with the other two outputs. A thicker wire will dissipate a portion of

the stress but will also require more force to deflect and store more strain energy.

The correlations for strain energy and shear stress are weaker when compared to

the stronger parameters, despite the parameter being raised to a power of at least

2 in all output equations. It is clear that this parameter therefore has more room

for adjustment, with other parameters being able to moderate its e↵ect.

With the knowledge from this study, the design spreadsheet was revisited to

adjust the parameters and seek a satisfactory performance. Based on the literature

which revealed most ESAR feet store around 8-9J, it was decided that a spring

Figure 4.6: Results of the Spearman Ranking correlation, generated from the
Simulink parameter study.
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Table 4.4: Table of final dimension parameters used to shape the spring, and the
characteristics at spring solid condition as the worst operating level and the values
at safe operating limit of 20% clash allowance.

Dimensions

Hole diameter, Dhole (mm) 60
Allowance, a (mm) 5
Wire diameter, d (mm) 5
Mean spring diameter, Dsp (mm) 50
Active coils, Na 6
Free length, L0 (mm) 80
Spring rate, k (N/mm) 8.615

Characteristics

Metric Spring Solid Condition Clash Allowance, 20%
Deflection (mm) 40 33.33

Force (N) 344.58 287.15
Energy stored (mJ) 6926.13 4809.81
Shear stress (MPa) 398.42 332.02
Factor of safety 1.98 2.37

that could deliver an additional 50% of this range would satisfy the initial design

requirements. The final design parameters and associated characteristics can be

seen in Table 4.2. Under the operating condition with factored clash allowance of

20% the spring can store just short of 5J in strain energy within a safe operating

range posing a factor of 2.37.

The last remaining performance metric to account for is the expected life of

the spring. It is di�cult to calculate this without su�cient experimental data; a

resource that suppliers and manufacturers have in abundance. Several national

companies were contacted with the specifications detailed in Table 4.4. One of

these companies provided a Goodman diagram for the specified design, which

predicted a fatigue life of 107 cycles, see Figure 4.7.

A di↵erent supplier was eventually chosen due to the a↵ordable cost. The

design remained unchanged, except for a post-processing option of shot-peened

and oiling, which improves the endurance of the spring.

4.2.2 Reconsidering the Cam

The initial concept design was to include a cam that would pull down on the wire

connected to the composite spring, using a specifically customised profile to ensure

a smooth return of energy. However, the shape of this cam was determined through
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Figure 4.7: A goodman indicating the fatigue life of the spring for three di↵erent
life cycle levels. The red cross is the operating position of the designed spring,
which falls within the fatigue life of 107 or 10,000,000 life cycles.

maximising the translation of the wire through the eccentricity from axle centre

to cam tip. To aid the redesign two handbooks were referred to: Cam Design

Handbook by H.A. Rothbart [255], and Cam Design & Manufacturing Handbook

by R.L. Norton [256].

As the composite spring has been replaced with a helical compression spring,

the actuation required became a simple cam, translational follower system. Usu-

ally, defining the speed and time characteristic requirements is the first step in

designing a cam. This is so that the cam dynamics can be synced with other

components in the system. However, a preliminary investigation can be made by

establishing the motion constraint and evaluating the metrics. In many design

cases the cam is created for a full 360° profile, but in the initial concept the cam

was to be limited to a reversible 60° rotation, making the cam a simple rise-dwell

type. The 60° value was selected under the assumption that the lever would rotate

around 15°, which would be increased by the gear ratio of 4.

The shape of a cam is created by wrapping the displacement around a base

cylinder as a function of the cam rotation, see Figure 4.8. From this the velocity,

acceleration, and jerk characteristics of the cam are derived. A fundamental law of

cam design is often employed to ensure smooth operation; the cam-follower func-

tion must be continuous through the first and second derivatives of displacement
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Figure 4.8: Cam design nomenclature. The base circle forms the foundation of
the design, from which the displacement profile is wound around.

across the entire interval. The acceleration curve is directly proportional to the

stress and inertia forces, in addition to the sharpness of the cam surface, making

it an important characteristic to consider. As jerk is the derivative of the acceler-

ation, any discontinuities in this function will cause infinite spikes. However, the

operation speed of the proposed cam is significantly slower than those to which

the rule applies, and as such, allowances can be made.

To build the displacement plot, a series of piecewise function are employed

to describe motion over rotational periodic segments. As it was previously men-

tioned, continuity over the second derivative can be important, so the ideal func-

tions to use are either polynomials or trigonometric. A selection of seven formulae

were used to derive the characteristic curves: Simple Harmonic, Cycloidal, Double

Harmonic, Modified Trapezoidal, Modified Sinusoidal, and 3-4-5 & 4-5-6-7 polyno-

mials. Equations 4.11 through to 4.14 are the motion equations for displacement,

velocity, acceleration, and jerk of the simple harmonic form.

y =
hr

2

✓
1� cos

⇡✓c

�c

◆
(4.11)

y
0 =

hr⇡

2�c
sin

⇡✓c

�c
(4.12)

y
00 =

hr⇡
2

2�2
c

cos
⇡✓c

�c
(4.13)

y
000 =

hr⇡
3

2�3
c

sin
⇡✓c

�c
(4.14)

All forms of the equations use the same parameters, where hr is the total rise,
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�c is the cam angle at total rise, and ✓c is cam angle of rotation; both angles use

radians. Each form of the motion equation set was defined in a MATLAB script

and the motion plots generated using hr = 33mm for the spring deflection, and a

corresponding angle �c = 1.05rads. These plots can be seen in Figure 4.9.

The two harmonic series had unfavourable accelerations resulting in high stresses

at either the start or end of the profile. The most favourable plots were that of

the modified trapezoidal and sinusoidal, it was decided to evaluate the latter as

the initial choice. The profile was created as a cad model to assess whether it

would fit within the compact redesign. A recommended piece of software was

CamTrax64 (Camnetics Inc.), a standalone program in which the characteristic

curves are created and then exported to Solidworks as a full model.

This CAD model was then imported into an assembly with an early revision

of the new spring housing. Unfortunately, it was immediately apparent that the

required cam displacement profile would be too large to fit within the new design

scope. The overall dimensions were around 60mm in width and height, with a

diagonal of 67.6mm, see Figure 4.10.

It was evident that the low rotational angle, combined with the relatively

Degrees

0 10 20 30 40 50 60
0

10

20

30

40
Displacement (mm)

0 10 20 30 40 50 60
0

20

40

60

80
Velocity (mm//)

0 10 20 30 40 50 60
-300

-200

-100

0

100

200

300
Acceleration (mm//2)

0 10 20 30 40 50 60
-2000

-1000

0

1000

2000
Jerk (mm//3)

Simple Harmonic
Cycloidal

Double Harmonic
Trapezoidal

Sinusoidal
Polynomial 3-4-5

Polynomial 4-5-6-7

Figure 4.9: Plots of various cam characteristics, generated using equations from
[255]. These plots provide preliminary information on cam performance metrics
before going into the design stage.
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(a) (b)

Figure 4.10: Generated cam profile using the sinusoidal equations within the Cam-
Trax64 software built by Camnetics Inc.

large displacement required too sharp a curve. This resulted in an elongated

cam shape, which did not have the required space to achieve its displacement.

Furthermore, such a steep rise with a cam can create a pressure angle higher than

design recommendations. The outcome of this is an increased probability of the

follower becoming stuck, although this may not be an issue if a flat-faced follower

is used, see Figure 4.10.

Regardless, the cumbersome shape required an alternative approach, which led

to considering the basic kinematics of the cam system and attempting to replicate

it with a suitable replacement. The main objective of the cam was to convert

rotational motion to reciprocating motion to actuate the helical spring; a process

found in a wide range of mechanisms such as engines. It was decided that a link

pair could accomplish the same objective as the cam, whilst doing so within a

confined workspace. The development of this system can be seen in the later

Section 4.3.1.

4.2.3 Shaping the Foot with N.U.R.B.S

The simulations in completed in section 3.4 revealed the inadequacies of the con-

cept foot structure. As the mechanism was undergoing a redesign, a new approach

was needed to shape the composite foot spring structures. In the concept, these

components were roughly shaped to form the general structure of passive feet in

the sagittal plane, but with some adaptations to accommodate the components.

A key objective of this new design process would be to parameterise the profile

so that the shape can be optimised using design studies. This would allow for

enhanced rollover parameterisation using the custom APDL script, whilst ensuring

the structure can withstand the ISO strength tests.
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A similar design methodology has been detailed in the literature review section

2.2.3, where the MIT research group used Bezier curves to optimise their foot to

the LLTE method [3]. The Bezier curve is form of spline, which themselves are

parametric curves that are constructed from a series of piecewise polynomials. The

shape of the Bezier curve is defined by both a series of control points which create

a polygon the curve sits within, and a degree which helps determine the depth of

the curve. Generation of the line itself is governed by a recursive algorithm that

uses blending functions, which for the sake of brevity will not be detailed here;

this is expertly covered in the book ”Bezier and B-Spline Techniques” [257].

Bezier curves were only the first stage in the mathematical derivation of spline

curves. It can interpolate the end control points, and then approximate a curve to

fit between the control polygons. However, a more complex shape can be di�cult

to define without sacrificing the smoothness of the curve between the polynomial

sections. The smoothness of a spline can be defined by grades of continuity based

on the derivatives:

• C
0 - Zeroth: requires only that the segments meet at the nodes

• C
1 - Zeroth & First: the first derivative must be di↵erentiable

• C
n - Zeroth through to n�th derivative must be continuous

A Bezier curve can achieve C
1 continuity but lose significant local control at

C
2 due to the increased number of control points added. B-splines were mathe-

matically derived to solve this issue, being adept are generating long continuous

curves and surfaces due to the improved local controls. The following sections

will provide an overview of these B-spline basis functions. Again, for the sake of

brevity, a full explanation should be sought within these two references [257, 258].

B-spline Basis Functions

There are a few di↵erent methods to define the B-spline functions, here the focus

will be on the use of the recursive formula as it is best suited to adaptation into a

coded program. Basis splines are constructed with piecewise polynomials, which

are divided into sections at points designated as knots, see Figure 4.11.

These knots ui are defined as a series of non-decreasing real numbers, ui 
ui�1, i = 0, ...,m � 1, within a knot vector U = {u0, ui, ..., um�1, um} where m is

the number of knots. The knot sequence and degree pd are used to define the

domain 0  u � 1 divided into the knot spans.
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The zeroth function basis function is a step function which is equal to zero at

all points except for the span it is computed on:

Ni,0(u) =

8
<

:
1 if ui  u < ui+1

0 otherwise
(4.15)

The ith basis function of p-degree (order pd + 1), is given as:

Ni,pd(u) =
u� ui

ui+pd � ui
Ni,pd(u) +

ui+pd+1 � u

ui+pd+1 � ui+1
Ni+1,pd�1(u) (4.16)

Thus, the generation of a set of basis functions needs a knot vector, U which

helps shape the curve, and a degree, pd. When a spline is called uniform, the

spacing of the knots is even, and non-uniform specifies uneven spacing. A few

properties are worth mentioning here, as they help to construct the code to gen-

erate the required spline functions for the given knot span and degree. Firstly,

the functions generate a truncated triangular table, as seen in Figure 4.12(a). A

local support property exists such that Ni,pd = 0 if the knot u exists outside the

span [ui, ui+pd+1), and this can be visualised in Figure 4.12(b) for basis function

N1,3. Likewise, for any knot span [uj, uj+1), at most pd+1 of the basis functions

are nonzero, which can be seen in Figure 4.12(c) where for the span [u3, u4) the

function N3,0 is the only nonzero zeroth-degree function.

These properties are useful in reducing the number of computations in calcu-

lating the basis functions of equations 4.15 and 4.16, and thus been incorporated

in the algorithm code.

The equation to generate a B-spline curve is given by:

C(u) =
nX

i=0

Ni,pd(u)Pi (4.17)

Figure 4.11: A polynomial cubic curve composed of three sections Ci(u), with end
points defined by a series of knots ui [258].
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(a) (b) (c)

Figure 4.12: Diagrams of the truncated triangular table of basis functions used to
explain some important properties in the main text [258].

Where Pi is a control point which is used to control the polygon the B-spline

curve is shaped by. This is a property of B-splines and bezier curves, also known

as the convex hull property. The function C(u) is the piecewise polynomial curve,

where the various parameters are related through the statement, m = n+ pd + 1.

Definition of NURBS

The intention in using these curves is to generate a smooth curve which interpolate

through a series of defined points. Such a goal requires the use of rational B-splines,

specifically NURBS. These are composed in a similar manner to the B-splines, but

with the addition of a weight vector, which provides additional control in pushing

or pulling the resulting curve to or from the control points. The equation for a

NURBS curve is given as:

C(u) =
nX

i=0

Ri,pd(u)Pi (4.18)

Whereas before, the curve is defined with the basis functions Ni,pd(u), these

are now replaced with the rational form Ri,pd(u); where the function Ri,pd is:

Ri,pd(u) =
Ni,pd(u)wiPn
i=0 Ni,pd(u)wi

(4.19)

The vector {wi} are the weights, which work as scalar values larger than zero.

If they are set to 1, then they have no e↵ect. One of the key benefits to the

NURBS curves is a property known as local approximation. If a control point is

moved or the weight changed, then the e↵ects remain local to that specific area.
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Thus, the curve can be finely controlled with these parameter values.

To interpolate the NURBS curve with a series of defined points, a few addi-

tional steps are required. If the set of points are defined as {Qk}, k = 0, ..., n,

which are then each assigned a parameter value {uk}, and if a suitable knot vector

U is selected, then the following system of equations can be set up as:

Qk = C(ūk) =
nX

i=0

Ri,pd(ūk)Pi (4.20)

The control points are the unknowns, which are needed to define the polygon

to which the interpolating curve will fit to. A suitable set of parameter values, ūk

and knot vector, U need to be determined first though. For this, the literature

recommends the centripetal method, which begins with defining a parameter, d

using the interpolation data points:

lc =
nX

k=1

p
|Qk �Qk�1| (4.21)

Then specifying the extremes of the parameter vector as ū0 = 0 and ūk = 1,

the other values in the vector can found as:

ūk = ūk�1 +

p
|Qk �Qk�1|

lc
, where k = 1, ..., n� 1 (4.22)

Finally, an averaging technique is used to determine the knot vector, stating

u0 = ... = upd = 0, and um�pd = ... = um = 1

uj+pd =
1

pd

j+pd�1X

i=j

ūi, where j = 1, ..., n� pd (4.23)

MATLAB program method

With the series of equations define across the previous small sections, a series of

MATLAB scripts were put together and controlled via a master file, to produce

a NURBS curve defined by a series of data points, a degree, and weight vector.

The order operation is listed below, and the scripts themselves can be found in

Appendix section B.1

1. The Master script takes inputs listed below and passes them through the

function files to produce and plot the NURBS curve.

• Data points array, D
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• Spline degree, pd

• Weight vector, w

2. The data points are passed into the PVector.m function to generate the

parameter vector, using equations 4.21 and 4.22.

3. This parameter vector is then passed into the KVector.m function to create

the knot vector, using equation 4.23

4. The two vectors are then both passed into a ControlPoints.m function

which calculates the basis function matrix using the recursive algorithm of

equations 4.15 and 4.16. Within the same function file, the system of linear

equations 4.20 is rearranged to find the Control points through Gaussian

elimination.

5. Finally, the knot vector and control points are passed into the Nurbs.m

function to generate the curve using equations 4.18 and 4.19.

Generated NURBS curves

An example of simple curve generated with an array of five co-ordinates in the x

and y axis can be seen in Figure 4.13. Note how the curve strongly follows the

convex hull property, passes through all data points, and retains its smoothness.

The same MATLAB program was then used to define the curves of composite

springs used in the second design iteration. There are three of these; a keel

spring, a heel spring, and a base spring connecting them both and providing more

consistent contact with the ground.

The master script currently prints plots of the generated curves, whilst the

control point vectors that are used to parametrise the curve in SolidWorks are

simply taken directly from the MATLAB workspace. It is the intention that once

the prosthetic optimisation process is fully operational, the control point vector

will be extracted as a comma-separated file for easy import into SolidWorks or a

controlling Python script.

4.2.4 The Revised Second Design

With a new method of generating foot spring shapes, a helical spring replacing the

composite spring, and the decision to abandon cams for actuation, it was decided

to put together a second design iteration to assess the new direction and determine

the next steps in further optimisation, see Figure 4.14.
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The shapes generated using the NURBS method in the previous section, seen

in Figure 4.13, were used to generate CAD models within SolidWorks. As the

spring formed the core of the mechanism; the housing unit core dimensions were

set to accommodate the design. A link pair were approximately dimensioned to

demonstrate their use in replacing the cam. When the spring is uncompressed,

these links will theoretically occupy less space within the housing. Connecting the

links to the linear actuation of the spring is a plate that sits within the spring

chamber, holding it in place at its preset compression.

The gears were also generally designed to produce a step-up ratio of 4, assuming

the lever would be able to rotate somewhere between 10-15°. The smaller gear

sits on a shaft that is held within the housing, whereas the position of the larger

gear requires the use a structure occupying the space between the composite foot

springs. Finally, the lever was shaped to roughly demonstrate how it would sit
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Figure 4.13: Top: An simple example of a 2nd degree curve generated using the
NURBS scripts to pass through an array of five coordinates. Bottom: The same
series of scripts then used to generate three profile curves of the composite springs
used in the second design iteration.
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below the bottom plane of the base spring, allowing for it to initiate compression

before the flat foot stage of gait.

4.3 Prototype Optimisation

Whilst the second iteration was helpful in visualising the design changes, it also

made apparent several additional design changes that needed solving. The link

arms were only roughly dimensioned and would need to be optimised to ensure the

reaction forces generated would not be unfavourable to kinetics, and furthermore

the space they occupy would need to be minimal so that they can fulfil that

advantage they have over the cam.

The gears themselves needed analysing to ensure they were strong enough

to transfer the loads between components. In addition to this, their method of

retainment within the design should be revisited. The position of the large gear

needs to be such that it fulfils the compact design ethos of the system. However, to

Figure 4.14: The second design iteration featuring the revised mechanism and
composite foot springs.
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house a plate within the foot springs in this manner would require precise tooling,

and a reliable means of securing it within the composite springs.

Whilst the NURBS program was useful in reshaping the composite foot springs,

their design still brought concerns on manufacture and performance. The current

mechanism impedes on the keel spring, and the heel section would still likely su↵er

from being too sti↵. These components would benefit from being put through a

Design of Experiments (DOE) study using the Ansys model.

Other components also needed additional attention, and so the next section of

this chapter will cover the final optimisation route towards producing and manu-

facturing a working prototype.

4.3.1 Revisiting the Links

The first step in refining the design of the link arms was to determine their optimal

length to be able to deflect the spring to the operational requirements specified in

Table 4.4. A basic model of the links and spring plate were created within Ansys,

and three geometry parameters were setup for a response surface study, see Figure

4.15 for the setup.

(a) (b)

Figure 4.15: Left: Ansys geometry model with roughly dimensioned parts suitable
for the design study. Right: A schematic diagram of the parameters. Lg = gear
link, Lp = plate link, xsp = horizontal position of plate with respect to pinion, ysp
= vertical position of plate with respect to pinion.

A 5mm height was set between the two ends of the gear link as the design

needed to be compact when unloaded. Three parameters were selected for study,

the gear link length Lg, plate link length Lp, and the horizontal position of the

plate xsp, leaving the vertical position ysp as the driven dimension. The di↵erent

bodies were set as rigid and were linked together with rotational joints. To reduce
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the degrees of freedom in the model, the spring plate was restricted to vertical

translation. A 40° input rotation was provided to the pinion revolute joint. This

value was selected as it was still intended the gears would provide a ratio of 4 in

stepping up, thus setting a reasonable target of 10° for the lever rotation specified

in the criteria of Table 4.1. The selection of parameter bounds were chosen on the

basis of keeping the system compact and able to fit within the mechanism housing

unit. With the spring designed to fit a 60mm diameter hole, the maximum value

of 40mm was deemed a suitable limit to achieve the desired deflection and still

fit within the space constraint. The plate horizontal range was selected such that

the spring longitudinal axis would sit closer to the pinion axle, in doing so the

reaction forces would pass more vertically through the system when extended.

The parameters bounds of the design experiment were set to the following

ranges:

• Gear link length, Lg: 20 - 40 mm

• Plate link length, Lp: 20 - 40 mm

• Plate horizontal, xsp: 10 - 20 mm

A Design of Experiments (DOE) needs outputs to target, and two were set for

this model. The first was the maximum vertical displacement of the spring plate

from the initial position, the value selected as the maximum clash allowance from

Table 4.4. The second output was related to the resultant forces that would be

generated during deflection of the spring. Due to the space constraints, a fully

extended link system would not be possible without one of the links being too

long to fit within a tight housing space. As this means the plate link would be at

an angle to the vertical, the corresponding reaction force parallel to the link arm

will be larger than the compression force of the spring. So, the second output is

the angle the plate link makes with the vertical of the spring plate axis of rotation

see the ✓ angle in Figure 4.17.

Using a central composite design (CCD) algorithm with face centred design

type generated 29 design points from the parameter bounds. These parameter

sets represent the full design space and are used to generate the response surfaces

that can approximate all combinations of parameter values within the bounds.

These response surfaces were created using the genetic aggregation algorithm,

which for both outputs had an R
2
> 0.999 and RMSE < 1%. The plots in

Figure 4.16 show a bar chart displaying the parameter rank correlation, and an

example of one of the response surfaces. A key detail is the invariance of both
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Figure 4.16: Top: A sensitivity plot produced from the response surface algo-
rithm. The outputs are noticeably more sensitive to the gear link length. Bottom:
A response surface plot showing the design space of gear link length and plate
horizontal with respect to the vertical angle.

outputs with respect to the plate link length, and the high sensitivity of the gear

link length. The response surface plot shows how minimising the vertical angle is

achievable through increasing the gear link length and horizontal plate position.

This response was linear, although the same pair of parameters had a non-linear

e↵ect on the vertical displacement. The link parameter pair had the same trend

in linear and non-linear e↵ects for the two outputs, and as expected due to their

low correlation, the plate link and horizontal distance pair and non-linear surfaces

with poor fits.

Following this, an optimisation study was run on the three inputs, targeting an

exact vertical spring plate displacement of 33mm, whilst minimising the vertical

angle. A multi-objective genetic algorithm was employed, which used all response

surface pairs and e↵ects. It was set to produce batches of 100 samples, each
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Figure 4.17: A detailed version of the schematic diagram. The additional param-
eters were derived using Euclidian geometric principles of triangles.

batch would have its mean and standard deviation evaluated against the previous

batch. If these metrics are stable within a 2% limit, then the batch is deemed

converged and candidate parameter sets are selected; the solution was reached

after 777 design points. Using the following values, the optimum set of parameters

produced a deflection of 33.5mm with a vertical angle of 17.4°:

• Gear link length, Lg = 40mm

• Plate link length, Lp = 24mm

• Plate horizontal, xsp = 20mm

Link Strength Assessment

The final step in designing the links was to ensure they would withstand the forces

in transferring the spring load. To calculate these values, the kinematics of the

link system were resolved so that the resultant forces could be calculated. The

following system of equations were derived to find the vertical angle, ✓, and the

resultant force parallel to the link, Fres. Figure 4.17 should be used as reference

to these equations.

↵1 = arcsin

✓
5

lg

◆
(4.24)

↵2 = 90� ↵1 (4.25)

� = arccos


l
2
g + l

2
p � x

2
sp � y

2
sp

2lglp

�
(4.26)

✓ = 180� � � ↵2 (4.27)
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Fres =
Fs

cos ✓
(4.28)

With the ✓ angle derived, the resultant force applied through the links could

be found with equation 4.28. A MATLAB script was put together to analyse the

dynamics of the system from uncompressed to compressed length of the spring.

Reaction forces on the links were recorded at ten intervals and broken into x and

y components. The reaction from the spring was split between the two plate links,

whilst the gear link would bear the full force by itself. The links geometries were

recreated in Ansys with their width and depth parameterised. For each link, two

models were setup to test the pair of reaction force and fixture setups on the link

bores, with parameterised outputs of von-Mises stress and deformation.

Each link then went through a design of experiments to generate a result set,

which was then used to generate a response surface model and produce an optimal

set of dimensions to reduce size and minimise the stress. Two di↵erent materi-

als were used in repeating these models, a printable ABS, and Aluminium 6082;

properties can be found in the Table of Appendix section D.2. Whilst the Alu-

minium was strong enough for a considerable size reduction, the ABS was not.

The polymer would reach stresses just below yield on the plate links, but the gear

link under the full reaction force would fail. Thus, it was decided that the links

would be manufactured from Al 6082 plate. Topology optimisation was consid-

ered for further weight removal, however the geometries it would produce o↵er an

insignificant reduction at the cost of a more complex shape for manufacture.

(a) (b)

Figure 4.18: FEA setup for the plate link parameter study. Left: The fixture
applied to the left bore hole, whilst component forces are applied to the right. The
forces were transient, representing the changing vector as the spring is compressed.
Right: A von-Mises stress plot, which shows a strong resistance to the loading.
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4.3.2 Strengthening the Gears

The gears in the concept were poorly designed. An involute tooth profile was not

used, and they did not mesh in a manner that would provide adequate transfer

of torque. As the transmission of force between the lever and the helical spring is

vital to the operation, the redesign of the gears needed to focus on ensuring these

components were completed to a high standard.

The design process of these components involved too many parameters for a

design of experiments study to be feasible. Due to the desire to keep the design

compact, the first stage was to eliminate possible gear pairs through geometric

constraints. In the second design iteration, the axes of the two gears were not

vertically aligned due to the gear dimensions and housing size constraints. It was

decided to maintain these unaligned gear axes with some additional geometric

controls. The horizontal distance between the axes was set to 35mm, leaving the

vertical distance to be dictated by the centre distance between the two gears, see

the right side of Figure 4.19.

This centre distance needed to be constrained so that the gear axes could

both be mounted to the housing unit, where in the second iteration they were on

separate parts. A reasonable value to achieve this was limiting this distance to

40mm maximum, as this would limit the vertical to <20mm. To see how much

of a limit this would pose on potential gear pairings for a range of ratios, several

tables were constructed to calculate the total pitch circle diameter of pairs. Each

table calculated the values for a fixed number of pinion teeth against a range of

Figure 4.19: Schematic diagrams of pinion torque components, and the geometric
relations between the two gears, used in determining dimensional constraints and
force components of the gear loads. Fr = gear radial force, Ft = gear tangential
force.
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gear ratios and teeth module values, an example using 11 pinion teeth can be seen

in Figure 4.20. Number of pinion teeth explored included 11, 12, 14, 15, 16, 17,

and 18. The gear ratios extended from the minimum value of 4 up to 6 in 0.25

increments. This minimum gear ratio as defined in the criteria of Table 4.1, was

chosen to ensure that the angle of rotation of the lever would be stepped up and

provide more deflection of the spring. The size of teeth, expressed as the module,

was also considered from 1-2 in steps of 0.25.

Some of the fraction gear ratios would also create fractional teeth values which

would be problematic for full gears, but not so in this application with limits on

the degree of achievable rotation. For the majority of the pinion teeth values, a

module > 1 resulted in too large a gear pairing, which significantly reduced the

potential pairings. In addition to this, the pinions with 17 and 18 teeth both

produced pair dimensions beyond the 80mm limit.

A final check at this stage involved the meshing of the gears, which the concept

design had considerable issues with. The meshing of the gears is important in the

smooth operation and transfer of torque between the pair. Poor meshing can

lead to undercut where tooth profiles can deteriorate from unfavourable contact

conditions, leading to a weakening of the tooth. In the literature, an equation is

commonly used to define an acceptable minimum number of teeth in a pinion as a

function of the gear ratio and pressure angle. Pressure angle is the angle between

the tangent of the pitch circle and the line normal to the tooth surface. This angle

defines the line of action at teeth contact, through which the tangential force is

transferred, see Figure 4.21.

The equation for minimum teeth is taken from Shigley’s design book [254], and

Figure 4.20: A screenshot of one of the Excel tables generated to filter out initial
gear pairings based on the dimensional constraints detailed in the text. A con-
ditional formatting was applied for quick visual reference, with total pitch circle
diameters of over 80mm being coloured red for disqualification from selection.
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Figure 4.21: Diagram from a textbook, detailing the pressure angle and line of
action between the teeth of two mating gears [253].

is given as:

Np =
2

(1 + 2rg) sin
2
�
(rg +

q
r2g + (1 + 2rg) sin

2
� (4.29)

Where rg is the gear ratio and � is pressure angle in degrees. For all ratios,

this equation demanded a minimum of 16 teeth for � = 20°, and 11 teeth for

� = 25°. With these dimensional constraints, the selection of possible gear pairs

were narrowed down. A summary of this shortlist can be seen in Table 4.5.

The smallest pinion gear presents the best opportunity for a high gear ratio

whilst maintaining a compact mechanism. However, it is known that smaller gears

can have increased strength and wear issues, particularly the contact between the

mating mesh of teeth. The larger pressure angle used on the pinions with less

than 16 teeth will help to improve the resistance to the contact stress but a full

strength analysis was still warranted. Across most standards, there are two key

metrics to assess the strength of gears; the bending stress and contact stress.

Table 4.5: A summary table of possible gear pairs after the initial geometric
constraints.

Pinion 11 12 14 15 16

Module 1 1.25 1 1.25 1 1 1

Ratio Centre Distances
4 27.5 34.4 30 37.5 35 37.5 40
4.5 30.25 37.8 33 — 38.5 — —
5 33 — 36 — — — —
5.5 35.75 — 39 — — — —
6 38.5 — — — — —
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Bending and Contact Stress Principles

The earliest forms of stress calculations for these metrics were derived using known

principles of mechanics at the time. For bending stress, this was the Lewis Equa-

tion, which treated the tooth of a loaded gear as a cantilever beam loaded at the

tip of the tooth, see Figure 4.22. This was a reasonable approximation due to the

less accurate manufacturing methods leading to teeth to take the maximum load

at the tip. The equation derived is given as:

�B =
kv Ft

b mg Y
(4.30)

Where Ft is the tangential force, b is the face width, and mg is the gear mod-

ule. The other parameters, kv dynamic factor and Y the Lewis form factor, are

characteristic modifications to the basic cantilever beam equation. The dynamic

factor adjusts for the e↵ects of high velocity when the gears are meshing, whilst

the Lewis factor adjusts to the profile shape of teeth.

Contact stress is derived from the Hertzian contact stress at a small interface

between two cylinders compressed together, see Figure 4.22. The common form

of the equation is given as:

�C =

vuuut Ft

⇡ b cos�
⇤

⇣
1
r1

⌘
+
⇣

1
r2

⌘

h
1�v21
E1

i
+
h
1�v22
E2

i (4.31)

Where r1 and r2 are the radii of the cylinders. If the materials of the two

cylinders are the same, then the denominator of the second fraction containing

Youngs and poisson’s can be reduced. This principle was suitably applied to gear

(a) (b)

Figure 4.22: Diagrams of early derivations for bending stress on the left [254] and
contact stress on the right [259].
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teeth, as the point where they contact, and force is transferred is on externally

curved surfaces.

Both of these equations have the tangential force as the primary load, which

is calculated using the torque generated on the shaft the gear is mounted on. In

the mechanism, this torque is caused by the reaction force generated on the distal

hole of the gear link, see Figure 4.19. Resolving the reaction and link length into

components, gives the torque on the pinion shaft as:

Tpin = (Fres sin ✓ ⇤ lg cos↵1) + (Fres cos ✓ ⇤ lg sin↵1) (4.32)

The tangential is then given as:

Ft =
2 Tpin

Dt
(4.33)

For the Lewis equation, the diameter Dt is taken as the tooth tip diameter,

whilst the contact stress can use a range of diameter and radii to calculate the

stress at any point of rolling contact. However, there are notable accuracy is-

sues with equations 4.30 and 4.31. They are loose approximations at best, and

compared to modern standards, are insu�cient in determining accurate stresses.

Assumptions made on the loading of teeth were resolved with improved math-

ematical modelling of gear teeth, once involute profiles were introduced. These

curves create teeth profile that ensure at between 1-2 teeth (for spur gears), would

be loaded at once when meshed together, the exact value is defined by the contact

ratio. A brief explanation of how these involute profile and the gears were gen-

erated in a CAD model can be seen in the Appendix section E.3.1. The contact

ratio is defined as:

mp =

q
do
2

2 � db
2

2
+
q

Do
2

2 � Db
2

2 � Cdis sin�

pb
(4.34)

Where the db, do, Db, Do are the base and outside diameters for the pinion

and gear, pb is the base pitch, � the pressure angle, and Cdis the centre distance

[259]. This was used to check all the gear pairings in Table 4.5, all of which had

a contact ratio, mp > 1.35.

ISO 6336 Standards

It was decided that an accurate analysis of the gear strength warranted the use of

a set of ISO documents used to assess the strength of spur gears. These documents
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fall under the designation BS ISO 6336:2006, of which the following selection were

referenced:

• 6336-1: Basic principles, introduction and general influence factors

• 6336-2: Calculation of surface durability (pitting)

• 6336-3: Calculation of tooth bending strength

• 6336-5: Strength and quality of materials

• 6336-6: Calculation of service life under variable load

The second and third documents in this list contain the equations for contact

and bending stress, including the associated factors with those stresses. These

documents also take the tangential force as occurring at the pitch circle diameter,

Dp. Document 6336-1 contains the general influence K-factors, one of which is

referenced in the document 6336-6. For brevity, the explanation of these factors

and values used have been included in Appendix section E.3.2; they have been

summarised here in Table 4.6. Finally, the material properties and material limit

values are determined from a series of tables and coe�cient values in 6336-5.

The surface durability of gears is assessed by the contact stress experienced

during peak loads at the pitch point of tooth contact. Hertzian pressure is the basis

for this calculation, but it alone does not fully represent the loading conditions

which include the coe�cient of friction, sliding mechanics, and surface lubrication.

Whilst these cannot be directly resolved into a mathematical representation, the

6336-2 document overcomes this by defining them as a series of modifying factors.

The factor of safety for contact stress is define as:

SH =
�HG

�H
(4.35)

Where �HG is the pitting stress limit (N/mm
2), and �H is the contact stress

(N/mm
2). This factor of safety is defined separately for the pinion and gear due to

di↵ering factors between them. The pitting stress limit is a function of the material

limit �Hlim and a series of factors that would a↵ect the material properties at any

operational instance and over the course the running lifetime. This is defined as:

�HG = �HlimZNTZLZvZRZWZX (4.36)

The contact stress is a function of the nominal pitting stress and the general

influence factors:

�H = �H0ZB
D

p
KAKvKH�KH↵ (4.37)
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Alongside the general influence factors, there is also a Z�factor in this equation

which can have two possible subscripts; ZB is given for the pinion, whilst ZD is

given for the gear. The final step then is deriving the nominal pitting stress �H0,

which is a form of the Hertzian contact stress equation 4.31. In the standard it is

defined as:

�H0 = ZHZEZ✏Z�

s
Ft

Dp b

rg + 1

rg
(4.38)

The factors in this equation serve to modify the terms within the squareroot,

so that the nominal stress value accounts for the shape of the tooth, contact, and

material properties. In the standard, the tangential force is divided by a reference

diameter d, which has been replaced here with the pitch circle diameter Dp.

Bending strength of gear teeth is rated by their ability to withstand a maximum

tensile at the tooth root. This focus on the localised stress at the root fillets is due

to the high proclivity for crack initiation at these sites. More often these cracks

are initiated in the compressive non-working flanks of the tooth, but if the loading

is uni-directional then crack propagation to failure is not guaranteed. However,

reversal loading of gears can raise this risk due to the cyclic nature and thus a

suitable factor must be applied to the limiting stress value. This will be explained

in the upcoming discussion.

Much like for the contact stress, the factor of safety for bending is given as:

SF =
�FG

�F
(4.39)

With �FG representing the tooth root stress limit (N/mm
2), and �F is the

tooth root stress (N/mm
2). Again, this is calculated separately for the pinion

gear due to di↵ering factor values. The tooth root stress limit is defined as:

�FG = �F limYSTYNTY�relTYRrelTYXYM (4.40)

The nominal bending limit �F lim is taken from the material property document

6336-5. Factors in this equation are related to the material properties, and stress

distribution e↵ects including the surface roughness and tooth size. An additional

factor is included here from the standard definition. The mean stress influence

factor YM which accounts for the reversal loading. Like the contact stress, the

tooth root bending is a function of the nominal bending stress and the general

influence factors, given as:

�F = �F0KAKvKF�KF↵ (4.41)
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Finally, the definition of the nominal bending stress is:

�F0 =
Ft

b mg
YFYSY�YBYDT (4.42)

The fraction term in this equation is recognisable as the basic Lewis bending

stress equation. Where the Lewis equation utilised a dynamic factor and form

factor. In the ISO definition, the dynamic factor is captured as Kv in equation

4.41, and the form factor is in equation 4.42 as factor YF .

The limiting stress values defined in the 6336-5 document are a function of the

surface hardness and constants relating to the material and its quality. There are

no specific alloys defined in terms of grades or specification numbers, instead the

options are categorised by the general alloy type and hardness condition bases on

the post-processing method. For example, the weakest in the selection are grey

cast irons, whilst the strongest are nitrided steels. Furthermore, each material

category has three levels of strength based on the material and manufacturing

quality.

A decision was made to select the induction hardened wrought steel, which

provided a high contact strength coupled with an intermediate bending strength.

To provide a conservative estimate, the lower range of quality was used in calcu-

lating the limiting stress. Using the material constants and hardness value, the

contact stress limit, �Hlim was set to 1057.1MPa, and the bending stress limit

Table 4.6: Summary of the factor symbols, description and value used

Symbol Description Value

KA Application 1.1
Kv Internal dynamic See Appendix

KH�, KF� Face load - Contact, Bending 1.1
KH↵, KF↵ Transverse load - Contact, Bending 1.1

ZNT Contact life 1.3
ZL, Zv, ZR Lubrication, Velocity, Roughness 1
ZW , ZX , YX Work hardening, Size - Contact, Bending 1

ZB, ZD Single tooth contact - Pinion, Gear 1
ZH Zone 2.28
ZE Elasticity 189.8
Z✏ Contact ratio 0.9

Z�, Y� Helix angle 1
YST , YS Stress correction: Reference, Local root 2

YNT , YB, YDT Bending life, Rim thickness, Deep tooth 1
Y�relT , YRrelT Relative: notch sensitivity, surface 1

YF Form See Appendix
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�F lim as 263.6MPA.

The calculations were setup in an excel spreadsheet as this made it simple

to check the parameter values and make a quick comparison of resulting safety

factors. These values were collated in MATLAB to generate the plots seen in

Figure 4.23. Before the calculations were made, it was decided that a minimum

factor of safety would be 1.5, which most pairs appear to pass. In terms of the

contact stress, all pairs with Np = 11 and mg = 1 fail the minimum requirements,

whilst all pairs with Np = 12 and mg = 1 just about pass. The pinion pairs where

the module is equal to 1.25 have improved safety factors due to the increased tooth

size, so it was decided to eliminate 11 and 12 tooth pairs with mg = 1.

The 16 tooth pair could also be eliminated as the larger gear appeared to o↵er

no strength benefits, likely due to the pressure angle being 20° which changes the

tangential force line of action to be more shallow. Whilst the 15-tooth pinion pair

also have promising safety factor values, the gear ratio it o↵ers was not better

than the remaining pairs, and so it too was eliminated from selection. The most

favourable pairs with high safety factors and smaller profiles appeared to be the

11 and 12 tooth pinion pairs, with modules of 1.25. With the marginal increase

in the 12 tooth pinion, it was decided to go ahead with this pair.

As a final step in the analysis, it was decided to make a comparison between

the analytical bending stress values and FEA values of the selected gear pair. The

geometries created as part of the form factor derivation were cut down to a few

teeth and imported into Ansys. A fixed boundary condition was applied on the

inner bore and cut surface, with the tangential force of 361.4N applied to a thin
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Figure 4.23: Plots of safety factor for contact and bending stress calculations.
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Table 4.7: Summary of stress results from ISO analytical calculations, and FEA
simulations. All values are in MPa.

Pinion Gear

Nominal 90.339 62.427
Tooth Root 159.889 188.716
Simulation 88.652 49.253

strip across the face at the pitch diameter, see Figure 4.24(a).

The resulting stress can be seen in the other subfigures of Figure 4.24. All re-

sults had a convergence tool applied to ensure mesh independence. The maximum

stress would occur on the edge of the tooth profile where the force is applied on

the pitch diameter strip. This was ignored as an FEA error, and focused stress

plots were made in the root fillets where the maximum values were expected. A

summary of these values can be seen with the analytical results in Table 4.7. It is

clear that the analytical root stresses capture additional behaviour not seen in the

(a) (b)

(c) (d)

Figure 4.24: Setup and results of the FEA bending stress model for the chosen
gear pair.

143



CHAPTER 4. PROSTHETIC DESIGN TOOL 4.3. PROTOTYPE OPTIMISATION

simulation. The factors applied in equation 4.41 are values which are not easily

derived or directly linked to the geometry. A closer comparison can be made be-

tween the nominal analytical values and model results, particularly for the pinion.

It is unclear why the gear has a larger di↵erence, although this could be due to

an overly conservative factor value.

The key takeaway here is that the FEA models are apparently unable to fully

capture aspects of the gear operating conditions. Use of just these models to assess

the gear strength could lead to under estimations of the strength capability. The

analytical results from the ISO equations provide a more conservative value, which

when considering the sophisticated nature of calculations provides more confidence

in the strength of the gears being suitable to withstand the loads. Furthermore,

the safety factors for the chosen gear pair also facilitates the future requirement

of testing helical springs with a range of sti↵ness values.

4.3.3 Foot Structure Parameterisation

The optimisation of the foot structure formed the final large design analysis stage

in this prototype optimisation. It began with re-using the NURBS programme

written in MATLAB to generate structure profiles. In the previous iteration,

three springs were defined. However, this had a few predictable design issues

including over-sti↵ening the structure, not protecting the top of the housing unit,

requiring an additional structure with hold the lever shaft, and posing a potential

issue with manufacture and assembly of three springs.

It was decided to reduce the number of spring sections to just two, increase the

straight back face of keel spring to accommodate more housing space, curve the

keel spring over the top of the housing, and drop the structure closer to the floor

for improved contact and spring like behaviour. The resulting splines had their

control points transferred to SolidWorks sketches and the springs were extruded to

a width of 70mm, see Figure 4.25. Slots were also cut into the two springs for the

lever to sit within. The precise control a↵orded by the generated control points

also allowed for a neat connection between the curved surfaces of the springs.

The heel spring would provide the stable base and shock absorption, with

improvements to the latter by separating the structures so that the heel could act

more independently. As indicated above, the keel now takes on a larger support

role so that housing can focus on just containing the mechanism. Whilst the

control points could be used in a parameter study to further optimise the shape, the

primary purpose of these springs was to facilitate the operation of the mechanism.
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(a)

(b) (c)

Figure 4.25: Spline sketches created from points generated in the MATLAB
NURBS program; (a)Heel profile and (b)Keel profile. The resulting model can
be seen in subfigure (c)

A parameter study involving many variables would be computationally expensive,

especially with the modest hardware specifications, see Appendix A.

It was decided to keep the structure profile shape as its low profile would

suit the operation of lever by bringing the axis of rotation close to the floor. An

optimisation could still be performed by adjusting the thickness of the section

along the lengths of the two springs. The entire length of the heel spring was

divided into 20mm chord lengths. This same approach would not be useful for

the vertical and top section of the keel, within which the housing would sit, and

so that section had its thickness parameterised as a whole length. The bottom

section of the keel was then parameterised with the same chord lengths as the

heel. This resulted in 12 points along the heel, the top section of the keel, and 10

points along the bottom keel section; see Figure 4.26. At each of these points, a
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Figure 4.26: The parameter points setup along the profile of the heel (top) and
keel (bottom). These were set at distances of 20mm chord lengths.

profile section sketch was created, and the thickness of each sketch was set as a

parameter. These sketches were used as the bounds through which the body was

extruded.

Model Setup

The force plate and pylon setup detailed in Section 3.3 for the ISO 22675 model

were used again, with the pylon length adapted as per the ISO specifications. It

was decided to run the optimisation for the static heel and forefoot conditions,

but using the peak loads from the cyclic set of forces as these are a more realistic

representation of gait loads. From Table 3.10, the P4 level loading was used; a

heel setup angle of -15° and force of 1173N, and a forefoot setup of 20° and load

of 1158N. The same Isotropic material choice was used again to help expedite

the computation time of design points. A composite material model would be

completed post-optimisation to verify the design using the Ansys Orthotropic

properties detailed in Appendix section D.1 for the ply properties.

The housing had an initial design iteration at this point, and so was included

in the model as a rigid body, see Figure 4.27 for views of both static setups. Using

the knowledge from the contact studies in section 3.3, the frictionless plate contact

and bonded settings were reused. A mesh was setup using the parameters seen in

Figure 4.27, and a mesh study completed using the built-in convergence tools. The

results converged with a < 10% change in a single step for each setup. However,

this required a fillet of 2mm radius to be added to the edges of the lever cut to

avoid a stress singularity. These convergence plots and the max stresses can be

seen in the first four images of Figure 4.28. The peaks were localised on the fillet

area of the forefoot, and the bonded foot connection boundary on the heel. These
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(a) (b)

(c) (d)

Figure 4.27: Geometry models for the heel (left) and forefoot (right) loading
conditions.

were deemed to be less accurate representations and so results were collected on

the surfaces, which can be seen on the bottom two images of Figure 4.28.

A final addition to the parameter study models was a new APDL script to

close the gap between the force plate and spring structure as the latter changes

thickness. This code can be found in the APDL code section D.3 of the appendices.
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Parameter Correlation Study and Results

With the profile section points and upper section of the keel, the number of thick-

ness parameters numbered 23. It was unlikely that all of these would have the same

(a) (b)

(c) (d)

(e) (f)

Figure 4.28: Convergence graphs and stress plots from the mesh studies completed
on the forefoot and heel setup. The left column pertains to the forefoot setup,
whilst the right is taken from the heel. Middle: stress plots showing focus on
the localised stress peaks post convergence. Bottom: stress plots taken on the
surfaces, which are a more realistic representation of the results.

148



CHAPTER 4. PROSTHETIC DESIGN TOOL 4.3. PROTOTYPE OPTIMISATION

e↵ect on the stress and deflection of the structure. Furthermore, a large number of

parameters also need a sizeable set of design points to fully cover the design space.

As this is not a computationally e�cient method, a Spearman Ranking parameter

correlation study was ran first. The lower and upper bounds of thickness on the

heel sections were set to 3-5mm, whilst the keel was set to 6-11mm including the

top section constant thickness.

Using these bounds, a series of 500 design points were generated using a Latin

Hypercube sampling method; a brief explanation of sample point generation and

correlation method can be found in Appendix section D.5. Not all 500 points

are required, and so at every 25th step a convergence check is made against a

mean value and standard deviation accuracy. If the last step is within 1% of the

cumulative mean and 2% of the standard deviation, then the study is deemed

converged having explored enough of the design space.

A correlation and determination matrix were produced for both static con-

ditions. Parameters with a correlation below 0.1 were omitted from the plots

produced. The forefoot results can be seen here in the main text of Figure 4.29,

whilst the heel results can be found in the appendices Figure D.1. In both sets of

results the parameters with the strongest e↵ect on stress and deflection are located

in areas where the structure essentially acts as cantilever fixed condition. On the

keel this is proximal to the housing, and on the heel it is close to the connection

with the heel. These results helped to narrow down the require parameters for

a further design optimisation. For the keel, this is the top section, and profiles

K1-K3. Whilst the heel focus should be on the profile sections H4-H6.
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Figure 4.29: A parameter correlation and determination matrix for the forefoot
parameter study.
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Design of Experiments Study and Results

The main concern with the foot structure was to ensure it would not fail under

clinical trials and secondary objective of providing some additional deflection that

would allow the lever to rotate further. Initial design parameter exploration ran

into problems with exploring upper section thickness due to geometry errors, and

so it was decided to omit this parameter. Based on the correlation ranking and

R
2 values in Figure 4.29, this specific variable would not be missed too much in

comparison to the much stronger K1 and K2 profile thicknesses.

Several algorithms exist that generate the design points that represent the full

range of possibilities achievable with the selected parameters and their bounds. It

was decided to examine some of these to discover which one would produce the

most accurate model for optimisation. An explanation of these design algorithms

has been provided in the Appendix section D.6. Using the forefoot model and

setting K1-K3 bounds as 6-11mm, the following methods were used to generate

the design points:

• Box Behnken (BB): 13 points

• Central Composite Design (CCD) - Auto: 15 points

• Optimal Space-Filling (OSF) Design - Max-Min, CCD samples: 15 points

• OSF Design - Max Entropy, CCD samples: 15 points

• OSF Design - Max Entropy, Full Quadratic Model samples: 10 points

With these sample points generated, they could be used to define a response

surface model to predict the behaviour and optimise the parameter points. The

accuracy of these models will depend on the complexity of the parameter rela-

tions, the number of design points generated, and the type of response surface

algorithm used. Several of these algorithms are available for selection, including

the neural network, or interpolating techniques such as Kriging and Sparse Grid

methods. The default method, and the one used for the foot structure is Genetic

Aggregation. This method auto-refines the process and selects the response model

with the best fit for each output.

All design tables in the list above had response surfaces generated with the

genetic aggregation algorithm. The goodness of fit metrics have been correlated

together in a single table and placed in Appendix section D.4.2. From this selec-

tion, the best and worst overall performing models have had their R2 and RMSE

150



CHAPTER 4. PROSTHETIC DESIGN TOOL 4.3. PROTOTYPE OPTIMISATION

Table 4.8: Coe�cient of determination R
2, and RMSE values taken from the table

in the appendices. BB, the worst performing model. OSF Max Entropy type using
full quadratic samples, the best performing model in all outputs except for the
Body Stress.

Metric
Body Stress Deflection Upper Stress Lower Stress
BB OSF BB OSF BB OSF BB OSF

R
2 0.749 0.878 0.965 1 0.756 0.999 0.685 1

RMSE 88.912 41.183 0.976 < 0.001 91.644 1.573 89.737 < 0.001

Table 4.9: Results from the response surface optimisation. Values of stress are in
MPa, values of deflection in mm. The heel body stress results have been omitted
due to it picking up a stress singularity value.

Body Stress Deflection Upper Stress Lower Stress

Keel 305.03 13.518 257.12 186.58
Heel - 16.67 86.17 95.823

values extracted and placed in Table 4.8 for discussion here. All models strug-

gled to predict the stress plotted across the entire body due to the peak stresses

occurring as FEA singularity artefacts, as indicated in the middle row images of

Figure 4.28. The volatility of these localised peaks makes it hard to predict their

behaviour to a reasonable level of accuracy. However, the OSF method was able

to model the upper and lower surface stresses to a high precision. In comparison,

the BB method struggled, likely due to its inability to capture the extremes of

parameter variables, as indicated in the discussion of Appendix section D.6.

The disparities between these two methods can be seen in the response surface

curves and contour plots in Figure 4.30. In these plots the K1 and K2 parameters

are modelling the lower surface stress. The quadratic relationship between the

inputs and output is not captured by the Box-Behnken method, as seen by the

significantly di↵erent shape generated in modelling the lower end of the stress

prediction. This coincidently is where the extremes of the parameter variables

needed modelling, which only the OSF model was capable of achieving.

This OSF model was used on the heel setup and whilst not quite as e↵ective as

the forefoot model, it still provided R
2 values above 0.9, and RMSE of less than

2 for the deflection and surface stresses. Following this, the response surfaces

were used to optimise the parameters with the objectives of minimising the stress

and targeting between 10-15mm of deflection. The resulting values were used to

dimension the keel and heel profile sections.
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(a)

(b)

Figure 4.30: Response surface curves modelling the e↵ect of K1 and K2 thicknesses
on the lower surface stress. Top: BB. Bottom: OSF

A composite part manufacturer was consulted on the models and possible com-

posite layup structures. It was suggested that the separate springs be constructed

from layers of unidirectional ply with surfaces covered in two layers of twill weave.

This twill weave would be the XC-130 with the material properties that had been

used for the simulations so far. The suppliers of this twill weave prepreg also sup-

plied unidirectional sheets using the same fibre modulus. As mentioned previously,

the material study in section 3.3.1 had indicated that the fibre modulus and be-

haviour of the isotropic XC-130 was similar in behaviour to the Ansys orthotropic

materials that are used in composite structure simulations. After consulting the

manufacturers, it was decided to run a composite study on the optimised using

the suggested twill and unidirectional layup. For brevity, this setup hasn’t been

detailed here, but has been explained in Appendix section D.7.

The results of this study were di↵erent to the optimisation, but this was ex-
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Figure 4.31: Stress results of the full structure, taken from the composite model.
Top: Heel loading condition, with a peak stress in between laminates. The ACP
module did not indicate that this would lead to failure. Bottom: Keel loading
condition. Note the peak stress is occurring on the housing boundary edge and
may be deemed as an erroneous FEA artefact.

pected with the switch to a composite material model. Full body stress plots have

been included here in Figure 4.31. Peak stress in these were 395.39MPa under

forefoot loading, and 374.83MPa for the heel; this amounts to about 20% increase

for the forefoot loading. Surface stresses had a larger increase but together with

the full body results the peaks have some association with FEA artefacts due to

their close proximity to boundary conditions. They can therefore still be judged as

relatively safe compared to the yield strength of the material, even if the strength

is taken to be the value on the XC-130 data sheet (645MPa) which is less than

that of the Ansys database (805MPa). The FoS for the forefoot test is 1.63, and

for the heel it is 1.72. Lastly, the deflection results indicated maximum values of

8.43mm and 9.21mm for the heel and keel respectively.

These final simulation results were deemed satisfactory for the performance of

the foot structure, locking in the profile shapes and parameter thickness values.

4.3.4 Minor Components

The other minor components were also put through simulations to assess their

ability to withstand the loads transferred when compressing the spring. It was

decided to start with the spring plate and move down the system, checking each

component in turn.
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Spring plate & shaft

A basic model of the spring plate was created without the walls to check the

compression force on the base and the shaft connection. A fixture was applied

to where the spring is in contact with the base and a bearing load representing

the maximum reaction applied to the shaft bore. This setup then had the fixture

location reversed and the maximum spring load applied to where the fixture was

previously. Using the 6082 aluminium plate material, the design withstood the

loads on both tests, see Figure 4.32 for stress results. A printable ABS material

was also analysed, but this failed the reaction load setup.

(a) (b)

Figure 4.32: FEA results from the spring plate model. Left: Force applied is the
bearing reaction load of 302N on the shaft bore. Right: Fixture applied to the
bore, and spring load of 287N applied vertically down.

An additional model was created to assess parameters involving the connecting

shaft. These were the shaft diameter, shaft length and bushing depth. Using the

results, the design was optimised to avoid the primary concern of shaft bending.

Shafts

The shafts all went through strength checks using the reaction forces and torques

calculated from the spring deflection. For the pinion and gear shafts, the spacing

between components were analysed to avoid stress concentrations in the circlip

rings, and performance debilitating deflections. The diameters of all shafts were

also examined with the goal of minimising these whilst ensuring a high safety

factor. See Figure 4.33 for results of the torque load cases on the pinion and wheel

shafts.

The components mounted to the pinion and wheel shaft required strong con-

nections. To speed up this stage of design process, a series of excel calculators

based on ISO calculations were purchased from mitcalc.com, which helped select
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Figure 4.33: FEA stress results for torque load cases on the pinion (top) and wheel
(bottom) shafts.

the dimension parameters for spline connections on the wheel shaft for the gear

and lever, and link on the pinion shaft, in addition to a key connection for the

pinion on its shaft.

4.3.5 Housing

The housing was a component that could have potentially been heavy due to its

size. A decision was made to print this body from ABS, which would also allow

for an unorthodox shape that would be bespoke to and tightly fit the components

it would house. The dimensions were scoped around the spring mechanism, which

had its fixture points locked in from the earlier design work. For easy assembly,

the design was split in to and given tab features to assist in lining up the two parts.

These two pieces would be secured by a series of smaller bolts along the front face,

and the bolted connection on the back face to the keel spring; see Figure 4.34.

Bolted Connections

A simulation study was completed to determine the best contact settings for the

bolted connections on the front when under a transverse load caused by the spring

plate reaction force. A summary of this study has been provided in a table screen-

shot within Appendices section D.8. From this study, it was determined that the

frictional contact resulted in unreliably high stress results, the housing stress was

invariant to bolted connection settings. The settings on the bottom two rows of the

appendix figure were determined to be the best of the selection, with the bottom
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Figure 4.34: Profile views of the housing sections on the left and right. Centre
image is an exploded view demonstrating how the parts slot together.

providing a potential worst-case load on the bolt nuts. The connection settings

from this study were then used to assess the bolted connections of the housing

to the keel, under the full bearing load of all shafts from the spring compression.

Variables tested in this study included the type of insert in the housing, diameter

& length of the bolt, and number & position of the bolted connections. From the

study it was decided to move ahead with helical inserts for six M10x20 bolts. The

final stress results on these two simulation studies can be seen in Figure 4.35. The

peak stress on the housing is on the rear bolted connection simulation, but this is

within the yield of the material; see the properties in table of Appendix section

D.2

Figure 4.35: Selection of stress results from the housing simulations. Left: front
bolted connection housing stress. Right: rear bolted connection showing peak
stress on the housing.
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4.3.6 Lever Arm

The dimensions of the lever were based upon the requirement of ensuring an angle

of rotation of 10°. A table was produced to determine what angles could be pro-

duced from combinations of lever length along the hypotenuse and tip deflection,

this can be seen in the top image of Figure 4.36. Given the predicted deflection

from the keel simulations, a concern was raised on whether this would be enough

to guarantee the required rotation should the neutral position of the lever be in

line with the foot base. In addition to this, the lever length needed to be long

enough so that the mechanism stays active until the push-o↵ event. From the

table, a longer lever would produce less rotation for any given tip deflection.

With these considerations, it was decided to set the neutral position of the

lever below the base of the foot. The vertical height from centre point of rotation

to the foot base was 45mm, and the horizontal length of the lever needed to be

150mm. Based on the table a tip deflection of 20mm would be required to achieve

around 7-8° of rotation. It was therefore decided to set the bottom of the lever

to be 20mm below the base of the foot, and the rest of the deflection would be

accommodated by the deformation of the keel spring.

Figure 4.36: Top: Design table generating angles generated for a given lever length
and deflection. Bottom: The resulting dimensions used to generate the lever.
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4.4 Final Prototype Design

Figure 4.37: Final design CAD renders of the prototype

The final design is presented in this section here, see Figure 4.37. From the

material densities applied to the SolidWorks CAD model, the approximate weight

of the design is 1.8kg. Whilst this would be too heavy for an everyday prosthetic,

it is acceptable for a prototype gait analysis tool used for brief periods under lab

conditions. The design is also 220mm long, 185mm high, and 70mm wide, which

is more compact than the original concept which was 250x240x80mm.

A hole was bored into the top of the keel and housing unit, the latter of

which had a helical insert installed so that a standard pyramid connector was

fitted, allowing for a standard connection to prosthetic structures. Teflon coated

bushings were inserted into the bore holes of the pinion and lever shaft, providing

a reduced friction contact to avoid losses in the mechanism. These bushings were

also applied to the link shaft bores. The lever design allowed for the slotted cuts

through the keel and heel to be reduced in depth slightly. As mentioned, the

housing is secured to the keel with six M10x20 stainless steel bolts, whilst the

front of the housing is held together with three M4x20 socket cap screws.

The pinion and wheel gear were cut down such that the only the required

number of teeth to achieve full spring deflection are machined. For the pinion,

this left enough space on the opposing side to fit the keyway without concerns for
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(a) (b)

(c)

Figure 4.38: Section view of the final design showing the mechanism. The other
two images are the pinion shaft assembly, and lever shaft assembly.

raising the stress close to the geometry edge. Cutting down the wheel gear was

primarily for ensuring the larger geometry would fit within the confined space of

the housing, see Figure 4.38.

4.4.1 Manufacture

The manufacture of the prototype was funded through a Global Challenges Re-

search Fund (GCRF) grant. As detailed toward the end of section 4.3.3, a man-

ufacturer for the composite foot structure had already been sourced during the

design stage. They produced the tooling mould, and the prepreg XC-130 sheets

were shipped to them from the supplier EasyComposites. After manufacture of

the proposed design, their engineers proposed a secondary structure be built with

the remaining material. This kept the same shape, but the thickness was reduced,

see bottom left image of Figure 4.39.

The helical spring had already been shipped from the manufacturer as it was

the first component to be designed. A local machinist was used to produce all other
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Figure 4.39: Photos of the manufacture prototype. Bottom left is the thinner foot
structure built with the remaining prepreg material.

mechanism components, a summary of the materials and finishes can be seen in

Table 4.10. They were consulted on the tolerances and fits for the precision parts

with technical drawings which can be seen in Appendix section E.4. The precision

of the gears, and other mechanism components with tight tolerance fits required

them to be machined using Electric Discharge Machining (EDM). The shafts first

had their spline connections cut with EDM and were then finished on a lathe.

Finally, the housing was printed with ABS on a Stratasys Fortus machine, and

the helical inserts installed into the bolt and pyramid connector holes.

Upon assembly of the design, an issue was identified with the housing. When

the spring was being compressed, the housing structure was showing signs of open-

ing in the centre. As this was a printed structure, the redesign simply required

thickening the front portion such that additional bolts could be used to secure
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Table 4.10: Summary of the component materials and finishes used.

Component Material Finish

Pinion & wheel shafts EN40 B Oil-quenched - Tempered
Pinion & Wheel EN40 B Oil-quenched - Tempered
Minor shafts (link and plate) EN40 B None
Spring plate Al 6082 None
Plate links Al 6082 Anodised
Gear link EN40 B Oil-quenched - Tempered

it. This solved the deformation issues under the transverse spring reaction load.

These changes to the housing can be seen when comparing the CAD design in

Figure 4.37 with the images in Figure 4.39.

4.4.2 Design Specification Appraisal

To conclude the section, the design will be appraised against the design specifica-

tions provided in Table 4.1. The estimated mass was found to be 1.8kg, which is

above the criteria base, but still within the accepted bounds. It would be expected

that this weight could drop in the future. Space constraints were met, with the

total height and length, and spring diameter all fell with thin criteria bounds.

Height and length were 185mm and 220mm, whilst the spring diameter is 50mm.

Energy stored in the spring was lower than desired at between 4.8-6.9J, but this

should still have an e↵ect on gait metrics. Lever angle of rotation could only

manage 7-8° due to the length. However, this is achieved with 20mm deflection

of just the lever. With the estimated toe deflection of 9.21mm, su�cient rotation

will be achieved when the gear pair ramp up the angle by a factor of 4. Finally,

the foot structure withstood the ISO-22675 strength analysis in the FEA model,

estimating FoS of 1.63 for the forefoot test and 1.72 for the heel.

In terms of mechanism e↵ectiveness, the prototype design was put through

the full cyclic simulation model, with and without the mechanism. The resulting

-50 0 50 100 150
0

50

100

No Mechanism Mechanism

Figure 4.40: Plot displaying rollover shape of prototype, with and without mech-
anism.
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rollover shapes can be seen in Figure 4.40. There is a di↵erence between the data

point positions and fitted curve, indicating that there would be a change in the

gait metrics once it can be tested in a clinical trial.

4.5 Summary

The design process detailed in this chapter has been thorough. An ISO compli-

ant model developed in Chapter 3 has been used here to optimise a prosthetic

foot structure with response surface models. Key components in the mechanism

have also gone through extensive parameter analysis and design of experiment

refinements to ensure the spring mechanism operates e�ciently. The safe design

of these components and spring chamber space also provides an opportunity for

helical spring to be switched for ones with a varying spring sti↵ness, which would

allow for the exploration of this parameter and its e↵ects on gait metrics.
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Chapter 5

Biomechanics Experiments

With a prototype foot designed and ready to test in clinical trials, the final stage in

setting up the framework was to develop an experimental method. This chapter

begins with an overview of literature explored in Chapter 2, and some insight

into experimental methods employed in that published research. A pilot study is

presented as the first stage in developing an e↵ective methodology. With the data

from this initial experiment, the procedure and setup were refined and a larger

sample of subjects were recruited for the main study. Key performance indicators

and metrics were derived, and future experimental studies recommended.

5.1 Pilot Study

5.1.1 Justification of the method

With the clear gap in literature on the e↵ects of sti↵ness on gait initiation (Section

2.3) it would be prudent to explore this direction in clinical trials. With the

commentary on issues regarding kinematic analysis, and the e↵ective force plate

analysis, it was decided to develop a method that would focus on the latter and

build upon the previous knowledge. However, these techniques would be expanded

to focus on not just the force generation, but also the impulse and power due to

the temporal e↵ects represented in those parameters.

The first stage in developing the experiment was to conduct a pilot study to

test the protocol with fewer candidates and develop an analytical method with

the data. A rigorous protocol will assist in providing reliable and consistent force

measurements.

Within the sports science and rehabilitative physiotherapy industries, consider-

ation has been given to the e↵ect of the subject attention when completing motor
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tasks. Providing a dual task to complete alongside the gait initiation helped the

reaction time and CoP displacement of elderly subjects with balance control is-

sues [260]. Internal and external focus instructions are another common protocol

explored, where internal emphasises the motor task directly, and external on the

end goal of a task. The latter has been proven to help stroke patients with their

rehabilitative therapy [261]. However, a postural control study found the inter-

nal and external commands to be less e↵ective than one that required consistent

cognitive attention [262]. Such a result may be linked to the neurological aspect

involved during the anticipation of a motor task. When an instruction is clear, a

task is completed to a higher standard [263]. This neurological process was seen

in other literature when the prosthetic limb was trailing, which required a longer

anticipatory period [155].

External focus controls are not always reported as beneficial. In one study it

was reported as increasing the variability in gait metrics of elderly subjects [264].

However, the external focus protocol in this study required the subjects to match

their gait to a metronome set their regular walking pace.

Arguably this does not fit the definition of an external goal, as the metronome

pacing was directly linked to the motor task. A separate study on gait stability

also found no benefit to external focus commands, but the researchers identified

this could be related to the lack of an external object to act upon [265]. It was

decided to define a selection of three protocol instructions to assess in the pilot

study: a control, an external focus, and an external focus. These instructions can

be found for both initiation and termination setups in Table 5.1

Table 5.1: Instructions for the control, external focus attention (EFA), and internal
focus attention (IFA) protocols.

Protocol Initiation Termination

Control
Walk o↵ the plate, From the marker, walk
stop at the end onto the plate and stop

External Walk to the table and place the pen standing upright

Internal
Pushing o↵ with your Looking forward, walk to the plate

trailing foot, walk to the end making centre clean contact
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5.1.2 Subjects

All subjects were given an information sheet, and a consent form and health to

questionnaire to complete before data collection. These documents can be found

in a link provided in Appendix section F.1, together with the ethics application

submitted and given approval to run the study. The five subjects were all male,

28yrs± 2.3, 1.76m± 0.12, and 89.2kg± 16.3.

5.1.3 Method

The walkway was setup with four 1m long wooden platforms, one of which had

a cut-out for a force platform. This force plate was a Kistler type 9286AA, with

the single received by a 16-channel Kistler Data Acquisition (DAQ) system, which

itself was plugged into a laptop with the Kistler Bioware recording software. The

recording frequency was set to 1000Hz, and the recording length 10 seconds.

Subjects wore their chosen footwear as instructed on the participant infor-

mation sheet. They were instructed to have a few practice runs to identify an

appropriate starting point for the gait termination trials; this was marked with

tape on the board. A table and chair were placed at the opposing end from the

starting position; for initiation this was at the termination starting marker, and

for termination this was at the far edge of the force plate. See Figure 5.1 for

photos of initiation and termination activities.

(a) (b)

Figure 5.1: Left: Gait initiation, with subject starting on plate and walking to the
table. Right: Gait termination, where subjects starting on the first board seen at
the bottom and walk to the table and force plate at the other end.
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For both setups, the subjects were instructed to select the one foot they felt

most comfortable with leading during the practice runs. This ensured the same

foot would produce the push-o↵ for initiation, and starting from the marker, the

same foot would hit the plate for at termination. Each setup had the subjects run

five successful trials, with the criteria being a clean reaction force generated. The

start of each trial was initiated with the relevant command based on the protocol

and gait task, see Table 5.1.

5.1.4 Data Analysis

The trial data was exported from the Bioware software into .txt files that were read

by a MATLAB script and set up as data matrices. A discrete Fourier transform

was applied to the force data to discover a cut-o↵ frequency of 5Hz for a zero-

phase, second-order low-pass Butterworth filter, which was applied to all trials

and subjects.

Time-slicing the data

Once the data was filtered, the code could be applied to time-slice the data. The

detection of when gait starts is vital in generating realistic and accurate parame-

ters that are derived from integrating the force time domain. An error in detecting

the point of this start can result in misreporting metrics such as the power gener-

ated. For powered prosthetics, generating the detection signal in timely manner is

required for the sophisticated control system to make adjustments for the motor

task. Solutions for this have involved the use of kinematic and Electromyography

(EMG) sensors detecting inertial movements and muscle activation patterns [266,

267]. However, such methods are unnecessarily complicated for simple force plate

analyses. In the previously mentioned gait initiation studies, various methods

have been employed:

• Time between onset of increased swing limb vertical forces and termination

of stance limb vertical forces [73].

• Once the CoM acceleration passes a certain threshold, the exact value of

which is unreported [155].

• Visual identification of leading limb toe-o↵ from video recording, or kine-

matic markers [70, 224].

• Medial-lateral CoP displacement [268].
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It was decided that a slightly di↵erent method to the CoM acceleration thresh-

old would be explored in the pilot study. Given that the parameter is simply

anterior-posterior force divided by the subject mass, the detection can be made

on just the force instead. The average was taken during a stationary period and

set as the threshold. Initiation start point was when the force passed above the

threshold, and termination when the force passed below the threshold. The end

points of these phases were defined in the same manner, see Figure 5.2 for examples

of sliced force.
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(a) Gait Initiation
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(b) Gait Termination

Figure 5.2: Time sliced data of two subjects completing single trials of both setups.
Line section coloured blue is the time-sliced portion used in the calculation of gait
metrics.
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With the force data sliced, the gait metrics could be calculated:

• CoM acceleration:

aCoM =
ForceAP

msubject
(5.1)

• CoM velocity:

VCoM =

Z
apGRF dt (5.2)

• CoM power:

PCoM = apGRF · VCoM (5.3)

• Total CoM work:

WCoM =

Z
PCoM dt (5.4)

• CoM impulse:

ICoM =

Z
apGRF dt (5.5)

As this pilot study was concerned with test-retest reliability, the subjects data

was statistically analysed. Peak values of force and power were calculated to

go alongside the final velocity, impulse and total work calculated in the listed

equations 5.2, 5.4, and 5.5. Subjects trials were averaged for each condition. The

data was also normalised to subject mass so total result set averages could be

compared between protocol instructions.

A two-way ANOVA test was completed on the gait metrics, with the raters set

as number of trials. The mean squares for the row and column interaction and

the mean square error were then used in the calculation of Intra Class Correlation

(ICC) values. These correlation values have di↵erent equations forms depending on

the experiment setup, and so a guide was consulted to select the most appropriate

version [269]. Using this article, a Two-way random e↵ects, for a single rater,

where the absolute agreement is important; this is given the convention ICC (2,1)

and the equation is:

ICC(2, 1) =
MSR �MSE

MSR + (nk � 1)MSE + nk
ns
(MSC �MSE)

(5.6)

Where MSR is the mean square for rows, MSE is the mean square error, MSC

is the mean square for columns, nk is the number of measurements, and ns is

the number of subjects. This stat was calculated for all peak values of the gait

metrics.
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5.1.5 Results

The data was run through the automated MATLAB script and processed into

metric results to gauge the test-retest reliability of the di↵erent instruction pro-

tocols. Boxplots were generated for the the peak anterior force, velocity, power,

work, impulse, and the duration of the initiation or termination period. Figure

5.3 has the results for the gait initiation trials for all five subjects under the three

protocols. Values are not normalised as the comparisons are made within within-

subject for each parameter. There does not appear to a consistent pattern in

protocol response across-subjects for the peak force, whereas the duration of force

application has a larger range. Across the other parameters, subjects have an in-

creased propensity protocol ranges to overlap, whilst also having a smaller range

of the dataset. Of all the parameters, impulse generated seems to be highly con-
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Figure 5.3: Box-plots of the key gait metrics under the initiation task. The subject
is presented along the x-axis, where S1-C refers to Subject 1 - Control protocol.
EFA is the external focus, and IFA the internal focus.

169



CHAPTER 5. BIOMECHANICS EXPERIMENTS 5.1. PILOT STUDY

-150

-100

-50

Peak AP Force (N)

0.8

1

1.2

1.4

1.6

Duration (s)

-0.5

-0.4

-0.3

Peak Velocity (m/s)

5

10

15

20

25

Peak Power (W)

5

10

15

Energy (J)

S1-C S1-EFA S1-IFA S2-C S2-EFA S2-IFA S3-C S3-EFA S3-IFA S4-C S4-EFA S4-IFA S5-C S5-EFA S5-IFA

-60

-50

-40

-30

Impulse (Ns)

Figure 5.4: Box-plots of the key gait metrics under the termination task. The
subject is presented along the x-axis, where S1-C refers to Subject 1 - Control
protocol. EFA = external focus. IFA = internal focus.

trolled across all protocols for each subject. Subject 5 appeared to have increased

di�culty with consistent gait metrics for the internal and external focus.

The same set of boxplots were generated for the gait termination task and can

be seen in Figure 5.4. Similar trends were seen with narrower force ranges and

larger variation in duration of gait event. For most subjects, the ranges across the

three protocols were closer together than they were for gait initiation. However,

subject 5 appeared to again have di�culty with the consistency of derived gait

metrics for the internal and external focus.

Intraclass correlation statistics were generated for the peak values in the box-

plots using Equation 5.6. These values have been presented in Table 5.2 and
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Table 5.2: Table of Intraclass correlation ICC(2,1) results for gait metrics in both
initiation and termination activities.

Gait Initiation Gait Termination
Metric Control External Internal Control External Internal

AP peak 0.8296 0.8699 0.9305 0.9377 0.8345 0.9193
Velocity 0.8391 0.8954 0.8662 0.7145 0.4679 0.6684
Impulse 0.9121 0.9686 0.9605 0.9325 0.8929 0.8332
Power 0.7990 0.8858 0.9124 0.7242 0.7184 0.6875
Work 0.8110 0.9353 0.9222 0.8658 0.7569 0.7386

represent the test re-test reliability of the methods to have absolute agreement be-

tween trials. Under gait initiation, the force and power were most consistent with

the internal focus instruction, whilst external focus produced a tighter spread of

values for velocity, impulse, and work. Under gait termination, the external focus

had the lowest rating in peak force and velocity. For this gait task, the control

protocol produced the most reliable results across all gait metrics.

As a final measure of the protocol di↵erences, the subject power profiles were

normalised to mass and then aligned to the peak values. With the curves aligned,
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Figure 5.5: Mass normalised power curves for all subjects and trials under each
protocol instruction. EFA = external focus of attention. IFA = internal focus of
attention.
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mean, maximum, and minimum curves were produced for each protocol instruction

using all subject data. These curves can be seen in Figure 5.5. The mean curves

under the external and internal protocols are higher than the control for both gait

tasks. For gait initiation, the external and internal peak means are similar at

around 0.35-0.36W/kg, with the min and max peaks also having a similar range

between the protocols. The max and min range for all three protocols appears

to be similar, at approximately 0.19-0.2W/kg. Gait termination protocols have

similar mean peaks at around 0.14-0.15W/kg, but the ranges fluctuate much more

between protocol sets. This is noticeable so when comparing the IFA range of

0.1W/kg to the EFA range of 0.05W/kg.

5.1.6 Discussion

The results collected in this pilot study o↵er plenty of data points to use in assess-

ing the test-retest reliability. Intraclass correlation values are an e↵ective metric

to judge this. Literature indicates that smaller samples with less repeats can a↵ect

the accuracy of the ICC score. Values below 0.5 are poor, between 0.5 and 0.75

is adequate, between 0.75 and 0.9 is good, and above 0.9 is excellent [269]. Given

that this pilot study includes only five subjects, some criticism can be directed to

the precision of the values reported here if the distribution of the subjects from the

population is narrow. The subjects formed a convex distribution, with the upper

and lower bounds of mass represented by two subjects, and the other three placed

around the median. This type of distribution has been shown to under-predict

the ICC [270]. Other papers have indicated that a smaller sample size can still re-

turn precise correlation values with a statistical power >80% by increasing repeat

measurements, or by increasing the null and alternative hypothesis estimations.

[271].

There are methods to check whether the ICC value is reliable [272]. Under the

absolute agreement form of the two-way random e↵ects model, both random and

systematic error are considered. If the model considering consistency produce a

similar value, then the systematic di↵erences are small. This was tested on the

anterior-posterior peak forces under the control condition. The two-way random

e↵ects model with consistency (3,1) was used and found ICCInititation = 0.8439

and ICCTermination = 0.9477, both marginal increases of the values seen in Table

5.2.

In addition to the above, the e↵ect strength and p-values of the two-way

ANOVA models can be checked. These models generate the mean square val-

ues used in the ICC calculations. With an ↵ = 0.05, almost every data set failed

172



CHAPTER 5. BIOMECHANICS EXPERIMENTS 5.1. PILOT STUDY

Table 5.3: Table of Intraclass correlation ICC(2,1) confidence intervals with
↵=0.05, for gait initiation.

Control External Internal
Metric Lower Upper Lower Upper Lower Upper

AP peak 0.5484 0.9774 0.6199 0.9834 0.7851 0.9915
Velocity 0.5616 0.9789 0.6894 0.9868 0.6139 0.9829
Impulse 0.7356 0.9891 0.8904 0.9963 0.8709 0.9953
Power 0.4884 0.9727 0.6558 0.9856 0.7359 0.9891
Work 0.5154 0.9745 0.7882 0.9921 0.7632 0.9904

to show a significant e↵ect across trials, and as expected indicated a strong e↵ect

across subjects. However, the gait termination under the external focus protocol

demonstrated some e↵ect across the trials which places doubt on the precision of

the ICC values generated.

Finally, the confidence interval of the ICC values can be calculated [273, 274].

Setting ↵ = 0.05, these confidence intervals were calculated for all metrics and

have been presented in Tables 5.3 and 5.4. The upper bounds of all metrics across

both the studies are high as the estimated values in Table 5.2 are all large in value.

It is the lower bounds which show the uncertainty in method reliability. For gait

initiation, the lower bounds on the control protocol drop close to 0.5, except for

the impulse. The other focus protocols appear to be more closely matched, echoing

the same trends in Table 5.2, the internal focus was tighter bounds for the peak

force and power. Gait termination intervals in Table 5.4 indicate significant issues

with reliable velocity or peak power for all protocols. The control instruction has

the narrowest interval bounds.

The results of the ICC tests can be related back to the boxplots of Figures

5.3 and 5.4. Of all the metrics tested across the protocols, the impulse value is

Table 5.4: Table of Intraclass correlation ICC(2,1) confidence intervals with
↵=0.05, for gait termination.

Control External Internal
Metric Lower Upper Lower Upper Lower Upper

AP peak 0.7961 0.9924 0.5331 0.9783 0.7524 0.9900
Velocity 0.3456 0.9585 0.1256 0.8955 0.2976 0.9492
Impulse 0.7909 0.9917 0.6509 0.9867 0.5465 0.9780
Power 0.3756 0.9600 0.2829 0.9597 0.3129 0.9530
Work 0.6271 0.9827 0.3928 0.9659 0.3839 0.9625
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the most consistent, even for the termination motor task. This parameter can

be seen to have significantly smaller subject ranges. Subjects 1 and 5 who show

some inconsistency with other metrics, had a relatively tight control over the

impulse. With the force and duration of application being the two controlling

factors of impulse, the relatively larger range of the duration would indicate that

an increased temporal control is applied by the subjects to maintain a consistent

impulse; an adaptation amputees have demonstrated in accounting for lost push-

o↵ amplitude [70]. A similar trend can be seen in the work and power data, where

the ICC estimates and confidence intervals for work are higher and tighter than

the power, which can also be seen to fluctuate more across subjects and protocols.

The purpose of this pilot study was to determine the most suitable protocol to

produce reliable results. For gait initiation the choice falls between the internal and

external focus protocols. Under the external focus, the impulse, velocity, and work

show marginal improved reliability, and the internal produces more consistent peak

force and power. However, this latter trend could be related to the instruction

seen in Table 5.1. Directing the subject to push-o↵ with the trailing foot, has

resulted in more consistent peaks. When the power is normalised to subject mass,

and full dataset means are taken, the di↵erences between these means and even

the min/max curves are small; see Figure 5.5. This indicates an e↵ect caused by

subjects themselves. Given the di↵erence between subject variation, it is possible

that the consistency of results came down to a subject preference.

A series of Bland-Altman plots were generated using the external and internal

focus metrics, see Figure 5.6. These diagrams are used to show the agreement

between two di↵erent methods by plotting the average of the measures against the

di↵erence. The mean and confidence intervals for the di↵erence are also plotted.

This mean line indicates the average di↵erence between the two measures, whilst

the intervals specify the expected range. Using these lines, the arrangement of

data points around them can help to infer the similarity between methods, or

where the statistical di↵erences are occurring [275].

In the force, power, work, and to a lesser extent impulse diagrams, the split

between the subjects can clearly be identified by the grouping of the scatter points.

This doesn’t exist in the velocity, and by inference can be attributed to the subject

mass. If the force, power, and work data is normalised to subject mass and plotted

again in the diagram, the grouping disappears, see Figure 5.7.

The mean di↵erence line being slightly above or close to zero on all metrics

is an indication that on average the EFA method will produce marginally higher
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Average of Two Measures: EFA and IFA
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Figure 5.6: Gait metrics plotted in Bland-Altman diagrams. These are useful for
determining agreement between two measurement methods.

values, and that there is little systematic error in the values. If scatter points

lie close to this mean line, then it can be said that the methods also have good

agreement. More points above or below indicate a bias towards a single method.

The normalised force indicates good agreement at lower values with the IFA side

having scatter points more proximal to the mean line. The di↵erence between

measurements increases as the magnitude average increases, and this can also be

seen in the normalised power and work diagrams.

This trend and the relatively even distribution of scatter points across the mean

suggest that both protocols struggled with consistent results when the magnitude

of the metrics was larger; an e↵ect that can be corroborated by the plots in Figure

5.5. Overall, it is di�cult to determine which method is more reliable. However,

two protocols cannot be used in a larger study, and it was decided that the external

focus protocol would be used with some additional tweaks to the methodology.

Under the gait termination motor task, the external and internal focus pro-

tocols were far less consistent with results in comparison to the control protocol.

It could be argued that these instructions were too distracting for the subjects.

Knowing that the plate needed to be hit, the external focus runs may have in-

volved many minor adjustments as the neurological control system is aiming to
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Figure 5.7: Mass normalised peak force, power and work plotted on Bland-Altman
diagrams. This removes the grouping of data seen in Figure 5.6.

hit the plate and also balance a pen at eye-line. These tasks could conflict, and

the resulting adjustments would be highly variable from trial to trial. With the

internal focus directing clean contact be made, this could also cause last minute

adjustments to be made. Such e↵ects have been seen in studies that focus on force

plate targeting.

Should a subject change their step length in apprehension of hitting the plate,

then the magnitudes of vertical and horizontal components can be significantly

altered. Although the time duration of the step remains unchanged, and the

magnitude di↵erences occur mostly during the initial weight bearing [276]. Other

studies have found the anterior-posterior forces to be the most sensitive [277],

which is possibly linked to adaptations made in braking and subsequent propul-

sion. The changes in step length are typically made with the final ”target” step,

but the e↵ects can be minimised with an e↵ective instructional protocol and aver-

aging the time domain results over from several trials [278]. More detailed studies

have shown that the heel to target distance variability decreases on approach to

the target plate, but no significant (p < 0.05) e↵ects were seen on the gait param-

eters. As was the case in a previous study [278], adjusting the start position on a

subject basis removed all e↵ects on gait measures [279].

These results corroborate some of the issues seen with the gait termination

trials. The subject specific starting marker was employed for all protocols, but

the simpler instruction from the control instruction helped reduce the neurological

uncertainty upon approaching the plate. It would appear that using a subject

specific starting marker and less complicated instructions would result in a more

reliable set of data.
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Limitations and general comments

There are some limitations to the study. Firstly, the low number of subjects used,

which could lead to extreme trial values skewing the reliability metrics. As already

noted in the discussion, subjects 1 and 5 appear to have a larger range of values in

the boxplots, notably so for the gait termination task. However, the other subjects

also displayed some variation albeit less frequently occurring.

During the data collection, notes were taken on subject feedback. Most ad-

mitted to focusing on the plate during gait termination trials, even under the

instruction to look ahead. There was also an issue with the gait initiation tri-

als, with subjects exhibiting considerable rocking motion prior to stepping o↵ the

plate. This can be seen in the top example of Figure 5.2 and caused issues with

clearly defining the gait initiation point.

Going forward, some adjustments were made to the protocol. With the external

focus selected for gait initiation, it was decided to remove the pen balance aspect,

and instead simply place a target for the pen to be placed upon. The reason for

the change was subjects would take time at the end of the trial trying to balance

the pen. As the external focus purpose was to distract the subject from the

motor task, a simpler instruction was given. To resolve the balance and rocking

issues before initiating gait, subjects should be instructed to remain still for a

period of time, and then given the instruction to walk. It would be helpful to test

this modified protocol on a larger number of subjects and re-assess the reliability

of measurements. Finally, the inclusion of a second force plate would allow for

additional metrics to be derived for later use in amputee studies.

5.2 Larger Study

As mentioned in the comments concluding the last section, a larger study would

be completed with slightly revised protocol. The main objective would be to re-

assess the test-retest reliability and see if the pilot study statistics still hold true.

A secondary objective would be to define a set of gait metrics to be used in future

amputee studies.

5.2.1 Subjects

The full set of recruited subjects were used in this study. Including the five that

were used in the pilot study, the total number for this experiment was 26. As an

extension of the pilot study, this larger subject group included 8 female subjects

177



CHAPTER 5. BIOMECHANICS EXPERIMENTS 5.2. LARGER STUDY

alongside 18 males; 26yrs± 2.1, 1.73m± 0.12, and 78.4kg± 16.8. All subjects had

been given the documents from Appendix section F.1 to read and sign.

5.2.2 Method

The revised method utilised two force plates so that the leading foot force data

could be captured. These force plates were originally placed in close proximity

to each other and were then moved based on the subject’s natural step length

to ensure clean contact. Unlike the pilot study, the wooden platform was cut

shorter, with a 1m long raised section and 1m ramp. However, the total length

from starting position to the table remained the same, see Figure 5.8. Data

acquisition rate was kept to 1000Hz for a 10 second period.

Modifications were made to the protocol to fixe several issues from the pilot

study:

• Subjects were instructed to stand as still as possible until the instruction to

go was given.

• Once the data collection period was started, the instruction to go was not

given until after 5 seconds.

• A marker was placed on the table edge closest to the walkway, and subjects

were given a small object to hold.

• The new instruction given was: ”Walk to the table and place the object on

the centre of the marker”

Figure 5.8: Force plate and walkway setup for the larger study.
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By instructing subjects to remain still and waiting 5 seconds before moving,

the data should be less noisy which will facilitate easier time slicing of data. Each

subject would provide ten sets of data, five with the left foot leading and five with

the right. Subjects were permitted to practice walking across the plates to ensure

good placement for step length, and familiarity of ambulating down the ramp.

5.2.3 Data Analysis

The data was analysed using modified versions of the MATLAB script from the

pilot study analysis, with all force data passing through a second-order 5Hz low-

pass Butterworth filter. Due to the changes in subject behaviour prior to gait

initiation, the method of determining initiation with the average defined time start

points too earlier. A built-in MATLAB function, findchangepts, was employed

which searched for changes in the standard deviation. This was equally as e↵ective,

see the example given in Figure 5.9.

With the increased data samples, further comparisons could be analysed.

Firstly, the e↵ect of calculating metrics with and without combining the force

plate data. As per the literature in Section 2.1.3, mechanical work is more ac-

curately predicted if the feet are analysed separately [89]. That analysis will be

extended to explore changes of all gait metrics in the pilot study using ANOVA.

The other major objective is to define symmetry metrics that can be used in fu-

ture studies. Di↵erences between peaks of force, impulse, and power have been
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Figure 5.9: Example trials displaying the time sliced data for when the plate forces
are un-combined and combined. Green = Trailing foot push-o↵. Blue = Leading
foot braking. Red = Leading foot push-o↵.
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calculated and tested against the mechanical external work.

5.2.4 Results & Discussion

Uncombined & Combined Plate Data

Comparison between the uncombined and combined force data used subjects peaks

generated from the means of all trials Nt=10. These were then configured into

boxplots of each gait metric which can be seen in Figure 5.10. For all metrics,

the combined method is lower in value, with some narrowing of the minimum and

maximum. Medians and 75th/25th percentile ranges do not appear to change

between the methods.

Other than velocity, the ranges between the 75th percentile and maximum are

larger than between the 25th percentile and minimum. The extreme outliers in

the data also only occur beyond the maximum, with the combined data method

appearing to be more sensitive to their definition. In itself, the velocity appears

to be well distributed about the median.

It is likely the extended upper quartile is caused by the heavier portion of

the subjects, as the velocity has no mass component in the units. In general, the

crossover between the ranges indicates minor di↵erences between the two methods.
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(a) Un-combined Data
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Figure 5.10: Box plots of key gait metrics. Peaks were defined for all subjects and
trials. Data was then averaged across the trials for subjects means. These were
then used to generate the box plots.
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Figure 5.11: Mass normalised force and power curves. Subject data is averaged
across trials, and peaks are aligned. Curves of mean, minimum, and maximum
data points are then generated and plotted.

The mass normalised plots of force and power have been derived and plotted in

Figure 5.11. No noticeable changes can be seen between the force plots of the two

methods, with the maximum, minimum and mean peaks falling within 0.1N/kg

of each other. Power curves are also similar, but there is a small narrowing of the

range for un-combined plates, which can also be seen in the boxplots of Figure

5.10.

These figures so far have only provided a visual comparison. More robust

statistics were employed to determine a significant di↵erence between the peaks.

Bland-Altman diagrams were generated to determine how di↵erent the data was,

and agreement between the two methods; see Figure 5.12. Across all the metrics,

the mean is skewed negatively which indicates the combined method as calculating

lower peaks. However, the magnitude of theses biases is small relative to the scale

of the average measures. The spread of the scatter points fit mostly within the

confidence intervals, but not tight to the mean, which suggests random error

remains equal. Two-sample t-tests were completed on the subject trial means for

all metrics; the null hypothesis being that the data comes from random samples.

With an ↵ = 0.05, the test failed to reject the null-hypothesis on almost every

metric apart from the velocity which returned p = 0.026.

A final set of statistics generated in this comparison are intraclass correlations
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Average of Two Measures: Combined and Uncombined
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Figure 5.12: Bland-Altman plots of the gait metric peaks, comparing di↵erences
between combined and un-combined plate forces.

for each metric. The previous set of figures have helped determine little statistical

di↵erence between the two methods. As such these ICC values are not to adding

to that conclusion. Instead, they are for comparison to the pilot study values

to assess whether the method has remained reliable with an increased number of

subjects. The same equation 5.6 was used again, with the error metrics generated

with 2-way ANOVA models, the results with confidence intervals can be seen in

Table 5.5

Table 5.5: Table of Intraclass correlation ICC(2,1) results for gait metrics from the
main study. Both force plates data methods are shown with the 95% confidence
intervals.

Combined Un-combined
Metric Lower ICC Upper Lower ICC Upper

AP peak 0.8326 0.8943 0.9431 0.8464 0.9035 0.9482
Velocity 0.7013 0.8013 0.8881 0.7072 0.8056 0.8908
Impulse 0.9254 0.9546 0.9762 0.9339 0.9599 0.9790
Power 0.7941 0.8680 0.9280 0.8031 0.8743 0.9316
Work 0.8448 0.9025 0.9477 0.8541 0.9087 0.9511
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The di↵erences of reliability between the two methods are insignificant, as

expected from the prior statistics. A key finding here, is that the reliability of

the gait metrics has not drastically changed from those seen in the pilot results

of Table 5.2. When comparing the confidence intervals, the previous uncertainty

due to a lower number of subjects has been diminished. The lower and upper

bounds have become significantly tighter in range to the standard ICC value.

This confirms that the method and protocol are e↵ective at providing excellent

test-retest results.

Symmetry Metrics

The final objective was to explore the metrics and determine which would be most

suitable for symmetry analysis. With the un-combined plate method producing

higher peak values, and the literature finding this to be a better estimate [89], the

symmetry metrics were developed using that method’s data.

With the additional force plate capturing data from the leading limb, it was

decided to explore the e↵ects of peak metrics of the first plate on the change in

peaks. Two proportional ratios were defined by the peak values with respect to

the trailing limb peak. Firstly, the ratio between trailing limb push-o↵ and leading

limb contact:

Braking Ratio, xn
br =

P1n � P2nbr
P1n

(5.7)

Then the ratio between the two propulsive peaks:

Propulsive Ratio, xn
po =

P1n � P2npo
P1n

(5.8)

These proportional ratios describe the change between their respective peak

values. Each metric was calculated using these ratios and then compared against

the trailing limb peak values. The metrics are denoted in the ratio nomenclature

by the first letter of the metric replacing n; such that the braking impulse ratio

is given as xI
br. Scatter plots have been generated, see Figure 5.13 for the braking

scatter plots, and Figure 5.14 for the propulsive scatter plots.

For the braking ratio, the force and impulse of the braking component are

vectors and negative in sign. As such, the ratios for these metrics will always be

x
F,I
br < 1, with larger ratios indicating an increase in peak di↵erence. Power and

work are given in absolute values, and so 0 > x
P,W
br > 1 as the braking values are

typically less than the trailing limb propulsive values. Larger gaps between the

propulsive and braking power or work values are indicated by x
P,W
br ! 1.
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Figure 5.13: Braking ratio scatter plots, generated using left foot trailing data.
The x-axis plots the trailing limb peak metrics, across the columns are the Peak
force, Impulse, Peak power, and Work. The y-axis then plots the ratios, working
down the rows of plots are the Force, Impulse, Power, and Work ratios. Colours
denote di↵erent trials numbers, and so there should be no distinction between
them.

The propulsive ratio is simpler in terms of all values being positive in mag-

nitude. Negative values of this ratio indicate the leading leg propulsive metric

is larger than the trailing leg, with x
n
po ! �1 as P2npo ! 2P1n; although this is

an unlikely occurrence. As with the power and work braking ratios, the decrease

from P1n to P2npo is denoted by 0 > x
P,W
br > 1. Likewise, xn

po ! 1 signifies that

P2po ! 0.

The braking ratio metrics can indicate whether there is some relationship be-

tween the trailing leg push-o↵ and leading leg contact kinetics. Based on the

scatter plots of Figure 5.13, there are a few weak correlations between trailing

limb metrics and braking peak ratios, and so some interpretations can be made.

Higher values of the P1 force and impulse appear to coincide with smaller braking

forces on the leading foot. As expected, these large forces also coincide with less

braking power applied, whilst the braking impulse is small across the full range of

P1 forces.
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Figure 5.14: Propulsive ratio scatter plots, generated using left foot trailing data.
The x-axis plots the trailing limb peak metrics, across the columns are the Peak
force, Impulse, Peak power, and Work. The y-axis then plots the ratios, working
down the rows of plots are the Force, Impulse, Power, and Work ratios. Colours
denote di↵erent trials numbers, and so there should be no distinction between
them.

The impulse has a similar trend on the power ratio, but with the data points

skewed more to the top right corner demonstrating a stronger e↵ect. As the power

is derived from the force, the patterns are mirrored for the force and impulse ratios,

but with a larger spread and weaker e↵ect. The work data is too evenly distributed

to discern a relationship with the ratios.

The propulsive force ratio scatter plots have much clearer trends, although

again some of these are repeated across the related metrics. The force ration

has a strong trend across all metrics, where a few anomalous results see a larger

leading foot force, but most data is skewed toward a relative 20% drop in peaks.

It appears an unusually low push-o↵ power is the most likely factor, whereas the

spread of the trailing foot positive work suggests an invariance to the force.

Impulse ratio data follows the force data, but with more dispersion of the

data. Apart from a few anomalous results, there seems to be a preference to
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minimising the di↵erence in peaks, which would be preferable to maintain the

forward momentum generated in the initiating step.

Whilst the power ratio follows a similar pattern and distribution to the force

ratio, the trend is indicating an increase in the leading foot propulsive power. As

this di↵erence is largest when the push-o↵ power is low, it likely that this trend is

from ramping up energy delivery to account for the shorter duration of push-o↵

on the leading limb.

Data for the work ratio is more distributed, with a consistent drop from the

work required to initiate gait. With this spread, it can be said that the amount

of work is largely invariant to the other metrics, and instead the rate of force and

energy delivery is more influential.

These non-dimensional ratios could be used as metrics to judge symmetry,

alongside peaks which are traditionally used in the literature [140]. Subject trial

means were generated for both the left and right sets of data and have been plotted

on a selection of xn
po plots for comparison; see Figure 5.15. The trends in these

plots match with their counterparts in Figure 5.14. However, the distribution

suggests symmetry is not achieved for all subjects.

These bodyweight normalised subject trial means were then averaged between

themselves, split between two comparison pairs; left & right, and male & female.

The values have been copied into Table 5.6. With the data averaged together, the

left and right pairing have di↵erences in the magnitude of 1
1000%BW . More di↵er-
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Figure 5.15: Comparison of the peak ratio scatter plots between left and right
foot leading data sets. Note the similarity in trends and distribution, with similar
anomalous results.
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Table 5.6: Full cohort means of peak metrics in terms of bodyweight. Comparisons
are made between left and right, and the sex of subjects.

Metric Left Right Male Female

AP1 Force 0.2311 0.2309 0.2308 0.2312
AP1 Impulse 0.1265 0.1257 0.1271 0.1246
AP1 Power 0.2475 0.2461 0.2491 0.2431
AP1 Work 0.0794 0.0786 0.0769 0.0804
AP2br Force 0.0004 0.0004 0.0004 0.0005
AP2br Impulse 0.0186 0.0192 0.0189 0.0189
AP2br Power 0.1111 0.1129 0.1070 0.1199
AP2br Work 0.0215 0.0220 0.0218 0.0215
AP2po Force 0.2083 0.2037 0.2065 0.2053
AP2po Impulse 0.0420 0.0416 0.0418 0.0418
AP2po Power 0.2792 0.2717 0.2794 0.2691
AP2po Work 0.0534 0.0526 0.0536 0.0520

ences occur between female and male averages, but these are still on a small scale

of %BW . Previous research has found peaks ine↵ective at determining signifi-

cant di↵erences between sexes, instead suggesting waveforms are compared with

statistical parametric mapping [280].

Other papers have explored the use of symmetry metrics, such as the Sym-

metry in External Work method, which provides a simple percentage di↵erence

between the two sides [281]. Comparisons have been made between these sym-

metry calculation methods, finding a percentage di↵erence index to be the most

reliable [282]. When this experimental method is extended to amputee subjects,

these symmetry methods could be used on the peak values in conjunction with

the trailing-leading limb ratios defined above.

5.3 Future experimental work

With the successful development of the gait initiation protocol, and demonstration

of useful force plate metrics, this experiment can be used in larger clinical studies

and be expanded to provide more complete sets of data of transitionary gait tasks.

The digital acquisition box used in these studies was only two-channel. However,

a newer model exists with 8-channels, increasing the number of force plates and

successive steps that can have force data collected.

The core ethos of the experiments would still be shorter transitionary gait

tasks, moving from room to room, or moving between floors. However, the in-
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Figure 5.16: Potential force plates setups for future studies with amputees. These
would allow for force plate data to be captured under gait initiation through
steady-state walking and ending with gait termination. Stair and ramp ambulation
could also be captured with a suitable platform to embed the plates in.

creased number of force plates would capture the initiation, steady-state walking,

and gait termination. As the gait initiation protocol developed here has shown

strong reliability it could be used to initiate the motor tasks. The pilot study gait

termination results and literature indicate that this particular motor task is given

no instruction other than to stop on the plate. It would be better for subjects to

repeat the trial should there be an issue with force recording.

A series of potential setups have been drawn up in diagrams of Figure 5.16.

With eight force plates, the minimum walkway length with the plates in close

proximity would be about 8m. The initiation and termination motor tasks would

be captured by the first and last two plates, allowing the four middle plates to

capture steady-walking forces. The setup would not be limited to level walking,

a stepped or ramped platform could be constructed so that these common gait

tasks can also be captured.

Sample Size

When designing experimental studies, researchers can calculate a sample size num-

ber that enables e↵ects to be determined with statistical confidence that they

represent the true population.
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Such a calculation is particularly important in medical studies to avoid Type I

and Type II errors which can lead to missed e↵ects or false conclusions [283]. How-

ever, in the fields of prosthetics and biomechanics, a sample size power calculation

is rarely given. Some studies will recruit as few as 8 subjects [169], whilst oth-

ers may reach as many as 20 [164]. Not all researchers will acknowledge sample

size calculations or limitations of small samples, but these omissions have been

recognised early on in the field [284]. A recent biomechanics study on running

suggests varying sample size and number of steps both e↵ect the statistics, and

that a minimum of 25 subjects and 25 steps be used for suitable statistics [285].

For the initial pilot study, a sample size calculation was not needed as the

purpose of the study was to test some protocols and equipment setup for the

larger main study. No calculation was made for the larger study either. The

main purpose of the larger study was to confirm the test re-test reliability, and

concerns about e↵ects were minor. A paper on sample size requirements for ICC

statistics indicates that suitable numbers of subjects are in line with the work in

this chapter, especially when repeated observations per subject increase [271].

Translating healthy subject conclusions to amputee population

A possible limitation of the work completed in this chapter is how to translate

the conclusions from healthy subjects to an elderly amputee population. Recruit-

ing a su�cient number of amputees for a study can be problematic, as discussed

in Section 5.1.1 of this chapter. It was decided that prioritising recruitment for a

larger number of healthy subjects would be preferable to recruiting a limited num-

ber of amputees. This facilitated an easier recruitment process as subjects were

sought from within the large student body population. As a secondary benefit,

any unexpected absences were better suited for substitution.

Furthermore, as this study was concerned with defining a simple protocol and

equipment setup, the data collected did not need to be from an amputee sample

population. None of the metrics collected were focused on amputee specific e↵ects,

and these KPI definitions will be easily transferred to an amputee population. In

the future experimental work explained above, adequate adjustments can be made

to the setup to account for the amputee subjects. For example, a supporting

handrail on the sides of the platform can be provided as a safety precaution.

Additional time can also be provided for an amputee subject to become familiar

with walking along the platform.
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5.4 Summary

The work presented in this chapter began with a pilot study that uncovered ef-

fects of di↵erent instruction protocols on force kinetics during initiation and ter-

mination. Through statistical ANOVA analyses, these protocols were assessed

for test-retest reliability. Modifications were made and the number of subjects

was increased for a larger experiment on the gait initiation motor task. Results

confirmed strong reliability in repeating results. Proportional ratios were defined

as potential metrics to be used in symmetry analysis alongside the traditional

method of using peak values. Future developments have been discussed, and the

framework developed shows promise for clinical trials using amputees.
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Chapter 6

Conclusion

6.1 Main Contributions

As identified in the introduction to this thesis, the direction of prosthetic feet

research has been driven towards powered ankles matching joint powers, or passive

feet recreating kinematic profiles. This focus has been to provide natural gait for

a more active amputee. However, in achieving these goals, the less active and

elderly amputee has been somewhat neglected.

In Chapter 2, the literature review explored the biomechanics research from the

functionality of the musculoskeletal system to the design of feet themselves. The

objective was to uncover the key functionality provided by the ankle-foot complex

and methods of control through the neuromuscular system. Whilst an amputee

su↵ers from the loss of the catapult like action of the tendons, and precise control

with the muscles, the motor redundancy of the entire system o↵ers multiple control

schemes to work around these losses. It is possible that optimisation for a less

active amputee will result in passive feet di↵erent to what has been developed in

research and what is available in healthcare systems.

At the end of the literature review of Chapter 2, the research question was

revised to:

”Can a disability focused approach, targeting personal sti↵ness op-

timisation in a passive foot design, improve the gait of less active am-

putees?”

Whilst this question has not been directly answered, the scope and novelty of

the idea required significant work to setup the tools needed to seek a solution to the

question. The work presented in this thesis has created the necessary framework
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for a new prosthetic optimisation pathway, that targets less active amputees and

the gait motor tasks that are more common for them.

Contribution 1: Development of a computational model for prosthetic

foot optimisation

An advanced FEA model has been developed in Ansys using boundary conditions

defined with ISO 22675 and verified with a contact experiment. Extensive mod-

elling with contact conditions and mesh convergence studies have helped to refine

the model to a high quality with consistent results. The cyclic test replicates the

stance phase of gait, and it was demonstrated how the forces and angles could

be replaced with experimental force plate and marker data. A novel addition is

the generation of the rollover shape within the software through a custom APDL

code. This rollover shape can be parameterised to workspace for use in paramet-

ric design optimisation. Whilst the model used steady-gait ground reaction forces

and leg angles, these can easily be replaced with initiation or termination data.

Contribution 2: Prosthetic experimentation tool to test e↵ect of small

sti↵ness changes during gait initiation and termination

A prosthetic experimental tool has been redesigned from a proof-of-concept design

to a working prototype ready for use in clinical trials. The spring mechanism was

optimised using ISO standard strength analyses, and parametric design studies

with genetic algorithms generating the response surfaces. A program was written

in MATLAB to generate control points of a NURBS curve, interpolated through

a series of defined points. This type of curve has more control over the shape than

Bezier curves used in similar research but retains the use as parametric points in

future designs of printed feet. The prototype foot structure was optimised using

the FEA model under static cases and with Isotropic materials. The models were

then replicated with the Ansys composite modelling module and results compared.

All the components were manufactured and assembled, ready for use in clinical

trials.

Contribution 3: Development of a reliable experimental protocol for

gait initiation and termination tasks

With the prosthetic tool ready, the experimental protocol to test it under has

been developed. A pilot study helped to identify potential issues with di↵erent

protocol instructions, and refinements were made. The final larger study with

26 subjects performing the gait initiation task provided reliable results with high
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intraclass correlation values. Proportional ratios were defined which quantified

the relationship between trailing limb and leading limb force metrics as a propor-

tion of the trailing push-o↵ limb. Together with the peaks, these can provide a

complementary set of statistics to analyse an amputee’s performance.

6.2 Limitations

The design of a prosthetic device can be a laborious e↵ort involving the coordina-

tion of multiple disciplines. At MIT, the development of the now industry-famous

BiOM powered prosthetic ankle-foot system was in development under a team of

researchers for the best part of a decade [197, 2]. The work presented here sets

the foundation to begin a new research e↵ort, attempting to change the method

of thought used to design passive prosthetic feet. What began with a concept has

evolved into a prototype ready for testing in a lab with the novel experimental

method. From a theoretical point of view, the prototype design should enact a

change in gait behaviour, see the change in rollover shapes of Figure 4.40. How-

ever, due to the nature of gait analysis and implementation of concept prosthetic

designs, until experiments are carried out the true success cannot be gauged.

It could be argued that a physical test should be conducted to verify the

theoretical performance. However, it was not deemed necessary to conclude the

work in this thesis. A very robust design methodology was employed in refining the

prosthetic, using high quality FEA models and experimentation to verify contact

conditions. The results of these models have provided results that give enough

confidence that the prototype is safe and ready to be used in a study. Whilst a

physical test may verify the simulations, at this stage of prototype development,

the primary need is to conduct a clinical study and gain feedback from amputees.

This direct assessment would provide more value than what an experiment under

perfect test conditions could provide; a ”real world” application can assist in

ensuring the prosthetic will deliver the desired metrics.

The appraisal of the design itself has been presented in sub-section 4.4.2. Not

all of the design criteria were met, but adjustments were made elsewhere to en-

sure the overall performance would still be as intended. At the end of Chapter

5, two limitations of the experimental study have been addressed. Sample size

calculations were not used, but this is not an abnormality in the field given the

di�culties with recruiting su�cient numbers of subjects. Whilst the experimental

method can easily be adjusted for an amputee sample population.
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6.3 Future Directions

The work presented here will be linked in future work with a bipedal spring-loaded

passive walker developed in a previous doctoral thesis [27]. Using these tools, a

series of work packages were conceptualised to help guide the future research.

Work Package 1: Prosthetic Tool Clinical Trial

The prosthetic foot tool has been designed with a robust optimisation methodol-

ogy. However, it needs to undergo clinical trial testing to assess its e↵ectiveness

under amputee loading. With this the design can be assessed and any required

adjustments made. This process has been demonstrated in Figure 6.1.

Figure 6.1: Possible steps that may be taken to refine the prototype tool in prepa-
ration for the sti↵ness exploration studies of the second work package.

Work Package 2: Sti↵ness Exploration

Once the prosthetic tool has been assessed with small clinical trial, a larger study

can be completed in confidence. A series of springs will be manufactured with

small delta changes to the sti↵ness. Using the developed experimental protocol,

amputees will perform trials with the proposed setups in Section 5.3 to assess the

e↵ects of sti↵ness changes for the gait initiation and termination tasks. See Figure

6.2 for a visual demonstration of this process.
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Figure 6.2: Flow diagram representing the process to be taken in defining e↵ects
of spring sti↵ness on amputee gait force metrics.

Work Package 3: Prosthetic Optimisation

In the final work package, the full complement of tools will be employed; the

NURBS program to generate the shape, the Ansys model to assess stance phase

loading, and the bipedal model to evaluate the swing leg dynamics. This process

has been detailed in Figure 6.3, where the example presents an optimisation of

matching ground reaction forces to avoid unhealthy loading. This method has

been successfully demonstrated in a parallel thesis [55], using the FEA model

from Chapter 3.

Figure 6.3: Flow diagram representing the framework to be used in future pros-
thetic optimisation as a result of the contributions presented in this thesis, and
the research they can be used for.
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[228] Pàmies-vilà, R et al. “Analysis of di↵erent uncertainties in the inverse dy-

namic analysis of human gait”. Mechanism and Machine Theory 58 (2012),

pp. 153–164. doi: 10.1016/j.mechmachtheory.2012.07.010.

218

https://doi.org/10.1016/j.clinbiomech.2013.10.012
https://doi.org/10.1016/j.jbiomech.2016.09.015
https://doi.org/10.1682/JRRD.2011.06.0107
https://doi.org/10.1016/S0966-6362(03)00016-X
https://doi.org/10.1016/S0966-6362(03)00016-X
https://doi.org/10.1115/SBC2012-80460
https://doi.org/10.1109/TBME.2006.889187
https://doi.org/10.1109/TBME.2006.889187
https://doi.org/10.1016/S0021-9290(01)00158-0
https://doi.org/10.1080/14639220412331330346
https://doi.org/10.1016/j.mechmachtheory.2012.07.010


REFERENCES REFERENCES

[229] Miller, LA and Childress, DS. “Problems associated with the use of in-

verse dynamics in prosthetic applications: An example using a polycen-

tric prosthetic knee”. Robotica 23.3 (2005), pp. 329–335. doi: 10.1017/

S0263574704001353.

[230] Dumas, R, Branemark, R, and Frossard, L. “Gait Analysis of Transfemoral

Amputees: Errors in Inverse Dynamics Are Substantial and Depend on

Prosthetic Design”. IEEE Transactions on Neural Systems and Rehabili-

tation Engineering 25.6 (2017), pp. 679–685. doi: 10.1109/TNSRE.2016.

2601378.

[231] Saunders, MM et al. “Finite Element Analysis as a Tool for Parametric

Prosthetic Foot Design and Evaluation. Technique Development in the

Solid Ankle Cushioned Heel (SACH) Foot”. Computer Methods in Biome-

chanics and Biomedical Engineering 6.1 (2003), pp. 75–87. doi: 10.1080/

1025584021000048974.

[232] Chen, NZ, Lee, WC, and Zhang, M. “A robust design procedure for im-

provement of quality of lower-limb prosthesis”. Bio-medical Materials and

Engineering 16.5 (2006), pp. 309–318.

[233] Lee, W et al. “Gait Analysis of Low-Cost Flexible-Shank Transtibial Pros-

theses”. IEEE Transactions on Neural Systems and Rehabilitation Engi-

neering 14.3 (2006), pp. 370–377. doi: 10.1109/TNSRE.2006.881540.

[234] Omasta, M et al. “Finite element analysis for the evaluation of the struc-

tural behaviour, of a prosthesis for trans-tibial amputees”. Medical Engi-

neering and Physics 34.1 (2012), pp. 38–45. doi: 10.1016/j.medengphy.

2011.06.014.

[235] Bonnet, X et al. “Finite element modelling of an energy–storing prosthetic

foot during the stance phase of transtibial amputee gait”. Proceedings of

the Institution of Mechanical Engineers, Part H: Journal of Engineering in

Medicine 226.1 (2012), pp. 70–75. doi: 10.1177/0954411911429534.

[236] International Organization for Standardization. Structural testing of lower-

limb prostheses: Requirements and test methods. BS EN ISO 10328:2016.

Brussels: BSI, 2016.

[237] Jia, X, Zhang, M, and Lee, WC. “Load transfer mechanics between trans-

tibial prosthetic socket and residual limb - Dynamic e↵ects”. Journal of

Biomechanics 37.9 (2004), pp. 1371–1377. doi: 10.1016/j.jbiomech.

2003.12.024.

219

https://doi.org/10.1017/S0263574704001353
https://doi.org/10.1017/S0263574704001353
https://doi.org/10.1109/TNSRE.2016.2601378
https://doi.org/10.1109/TNSRE.2016.2601378
https://doi.org/10.1080/1025584021000048974
https://doi.org/10.1080/1025584021000048974
https://doi.org/10.1109/TNSRE.2006.881540
https://doi.org/10.1016/j.medengphy.2011.06.014
https://doi.org/10.1016/j.medengphy.2011.06.014
https://doi.org/10.1177/0954411911429534
https://doi.org/10.1016/j.jbiomech.2003.12.024
https://doi.org/10.1016/j.jbiomech.2003.12.024


REFERENCES REFERENCES

[238] Ginestra, PS, Ceretti, E, and Fiorentino, A. “Potential of modeling and

simulations of bioengineered devices: Endoprostheses, prostheses and or-

thoses”. Proceedings of the Institution of Mechanical Engineers, Part H:

Journal of Engineering in Medicine 230.7 (2016), pp. 607–638. doi: 10.

1177/0954411916643343.

[239] International Organization for Standardization. Prosthetics - Testing of

ankle-foot devices and foot units: Requirements and test methods. BS EN

ISO 22675:2016. Brussels: BSI, 2016.

[240] Stratasys Ltd. PolyJet Materials Data Sheet. Pages: 3. 2016.

[241] Cantrell, J et al. “Experimental characterization of the mechanical proper-

ties of 3D printed ABS and polycarbonate parts”. Conference Proceedings

of the Society for Experimental Mechanics Series 3 (2017), pp. 89–105. doi:

10.1007/978-3-319-41600-7_11.

[242] Hearn, E. Mechanics of Materials. 3rd Edition. Butterworth Heineman,

2000.

[243] Mallick, PK. Fiber-reinforced composites: Materials, manufacturing, and

design, third edition. 3rd Edition. Taylor and Francis, 2007.

[244] Aalco Metals Ltd. Aluminium Alloy 6082 - T6/T651 Plate. Pages: 24-25.

2013.

[245] BSI Standards Publication. Aluminium and aluminium alloys - Sheet , strip

and plate. BS EN 485-2:2016+A1:2018. Brussels: BSI Standards Publica-

tion, 2018.

[246] Granta Design Limited. CES Edupack software. Cambridge, UK, 2016.

[247] Easy Composites Ltd. XC130 Autoclave Cure Component Prepreg System.

2017.

[248] Toray CA Inc. T700S Technical Data Sheet. Pages: 2. 2005.

[249] Mahmoodi, P et al. “Prosthetic foot design optimisation based on roll-over

shape and ground reaction force characteristics”. Proceedings of the Institu-

tion of Mechanical Engineers, Part C: Journal of Mechanical Engineering

Science 231.17 (2017), pp. 3093–3103. doi: 10.1177/0954406216643110.

[250] Hansen, AH, Childress, DS, and Knox, EH. “Roll-over shapes of human

locomotor systems: e↵ects of walking speed”. Clinical Biomechanics 19.4

(2004), pp. 407–414. doi: 10.1016/j.clinbiomech.2003.12.001.

220

https://doi.org/10.1177/0954411916643343
https://doi.org/10.1177/0954411916643343
https://doi.org/10.1007/978-3-319-41600-7_11
https://doi.org/10.1177/0954406216643110
https://doi.org/10.1016/j.clinbiomech.2003.12.001


REFERENCES REFERENCES

[251] Tryggvason, H et al. “Modeling and simulation in the design process of a

prosthetic foot”. 58th Conference on Simulation and Modelling. Issue: 138.

2017, pp. 398–405. doi: 10.3384/ecp17138398.

[252] Collins, JA, Busby, HR, and Staab, GH. Mechanical Design of Machine

Elements and Machines: A Failure Prevention Perspective. 2nd Edition.

John Wiley and Sons, 2009.

[253] Mott, RL, Vavrek, EM, and Wang, J. Machine Elements in Mechanical

Design. 6th Edition. Pearson, 2018.

[254] Budynas, RG and Nisbett, JK. Shigley’s Mechanical Engineering Design.

9th Edition. McGraw-Hill, 2011.

[255] Rothbart, HA. Cam Design Handbook. McGraw-Hill, 2004.

[256] Norton, RL. Cam Design and Manufacturing Handbook. Industrial Press,

2002.

[257] Prautzsch, H, Boehm, W, and Paluszny, M. Bezier and B-Spline Tech-

niques. Springer, 2002.

[258] Piegl, L and Tiller, W. The NURBS Book. Springer, 1997.

[259] Radzevich, SP. Dudley’s Handbook of Practical Gear Design and Manufac-

ture. 2nd Edition. Taylor and Francis, 2012.

[260] Uemura, K et al. “E↵ects of dual-task switch exercise on gait and gait

initiation performance in older adults: Preliminary results of a randomized

controlled trial”. Archives of Gerontology and Geriatrics 54.2 (2012). doi:

10.1016/j.archger.2012.01.002.

[261] Johnson, L, Burridge, JH, and Demain, SH. “Internal and External Focus of

Attention During Gait Re-Education: An Observational Study of Physical

Therapist Practice in Stroke Rehabilitation”. Physical Therapy 93.7 (2013),

pp. 957–966. doi: 10.2522/ptj.20120300.

[262] Polskaia, N et al. “Continuous cognitive task promotes greater postural

stability than an internal or external focus of attention”. Gait and Posture

41.2 (2015), pp. 454–458. doi: 10.1016/j.gaitpost.2014.11.009.

[263] Tard, C et al. “How does visuospatial attention modulate motor prepa-

ration during gait initiation?” Experimental Brain Research 234.1 (2016).

Publisher: Springer Verlag, pp. 39–50. doi: 10.1007/s00221-015-4436-0.

221

https://doi.org/10.3384/ecp17138398
https://doi.org/10.1016/j.archger.2012.01.002
https://doi.org/10.2522/ptj.20120300
https://doi.org/10.1016/j.gaitpost.2014.11.009
https://doi.org/10.1007/s00221-015-4436-0


REFERENCES REFERENCES

[264] Yogev-Seligmann, G, Sprecher, E, and Kodesh, E. “The E↵ect of External

and Internal Focus of Attention on Gait Variability in Older Adults”. Jour-

nal of Motor Behavior 49.2 (2017), pp. 179–184. doi: 10.1080/00222895.

2016.1169983.

[265] Melker Worms, JL de et al. “E↵ects of attentional focus on walking stability

in elderly”. Gait and Posture 55 (2017), pp. 94–99. doi: 10.1016/j.

gaitpost.2017.03.031.

[266] Novak, D et al. “Automated detection of gait initiation and termination

using wearable sensors”. Medical Engineering and Physics 35.12 (2013),

pp. 1713–1720. doi: 10.1016/j.medengphy.2013.07.003.

[267] Wentink, E et al. “Detection of the onset of gait initiation using kinematic

sensors and EMG in transfemoral amputees”. Gait and Posture 39.1 (2014),

pp. 391–396. doi: 10.1016/j.gaitpost.2013.08.008.

[268] Moineau, B et al. “A new method to assess temporal features of gait initia-

tion with a single force plate”. Gait and Posture 39.1 (2014), pp. 631–633.

doi: 10.1016/j.gaitpost.2013.07.007.

[269] Koo, TK and Li, MY. “A Guideline of Selecting and Reporting Intraclass

Correlation Coe�cients for Reliability Research”. Journal of Chiropractic

Medicine 15.2 (2016), pp. 155–163. doi: 10.1016/j.jcm.2016.02.012.

[270] Mehta, S et al. “Performance of intraclass correlation coe�cient (ICC) as

a reliability index under various distributions in scale reliability studies”.

Statistics in Medicine 37.18 (2018), pp. 2734–2752. doi: 10.1002/sim.

7679.

[271] Bujang, MA and Baharum, N. “A simplified guide to determination of

sample size requirements for estimating the value of intraclass correlation

coe�cient: a review”. The Journal of the School of Dental Sciences 12.1

(2017), pp. 1–11.

[272] Weir, JP. “Quantifying Test-Retest Reliability Using The Intraclass Cor-

relation Coe�cient And The SEM”. Journal of Strength and Conditioning

Research 19.1 (2005), pp. 231–240.

[273] Shrout, PE and Fleiss, JL. “Intraclass Correlations: Uses in Assessing Rater

Reliability”. Psychological Bulletin 86.2 (1979), pp. 420–428.

[274] Mcgraw, KO and Wong, SP. “Forming Inferences About Some Intraclass

Correlation Coe�cients”. Psychological Methods l.1 (1996), pp. 30–46.

222

https://doi.org/10.1080/00222895.2016.1169983
https://doi.org/10.1080/00222895.2016.1169983
https://doi.org/10.1016/j.gaitpost.2017.03.031
https://doi.org/10.1016/j.gaitpost.2017.03.031
https://doi.org/10.1016/j.medengphy.2013.07.003
https://doi.org/10.1016/j.gaitpost.2013.08.008
https://doi.org/10.1016/j.gaitpost.2013.07.007
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1002/sim.7679
https://doi.org/10.1002/sim.7679


REFERENCES REFERENCES

[275] Giavarina, D. “Understanding Bland Altman analysis”. Biochemia Medica

25.2 (2015). Publisher: Biochemia Medica, Editorial O�ce, pp. 141–151.

doi: 10.11613/BM.2015.015.

[276] Sanderson, DJ, Franks, IM, and Elliott, D. “The e↵ects of targeting on the

ground reaction forces during level walking”. Human Movement Science 12

(1993).

[277] Grabiner, MD et al. “Visual guidance to force plates does not influence

ground reaction force variability”. Journal of Biomechanics 28.9 (1995),

pp. 1115–1117.

[278] Wearing, SC, Urry, SR, and Smeathers, JE. “The e↵ect of visual targeting

on ground reaction force and temporospatial parameters of gait”. Clinical

Biomechanics 15 (2000).

[279] Verniba, D, Vergara, ME, and Gage, WH. “Force plate targeting has no

e↵ect on spatiotemporal gait measures and their variability in young and

healthy population”. Gait and Posture 41.2 (2015), pp. 551–556. doi: 10.

1016/j.gaitpost.2014.12.015.

[280] Castro, MP et al. “Pooling sexes when assessing ground reaction forces dur-

ing walking: Statistical Parametric Mapping versus traditional approach”.

Journal of Biomechanics 48.10 (2015), pp. 2162–2165. doi: 10.1016/j.

jbiomech.2015.05.027.

[281] Agrawal, V et al. “Symmetry in External Work (SEW): A Novel Method of

Quantifying Gait Di↵erences Between Prosthetic Feet”. Prosthetics and Or-

thotics International 33.2 (2009), pp. 148–156. doi: 10.1080/03093640902777254.

[282] B lazkiewicz, M, Wiszomirska, I, and Wit, A. “Comparison of four methods

of calculating the symmetry of spatial-temporal parameters of gait”. Acta

of Bioengineering and Biomechanics 16.1 (2014), pp. 29–35. doi: 10.5277/

abb140104.

[283] Pourhoseingholi, MA, Vahedi, M, and Rahimzadeh, M. “Sample size cal-

culation in medical studies”. Gastroenterology and Hepatology 6 (2013).

[284] Mullineaux, DR, Bartlett, RM, and Bennett, S. “Research design and

statistics in biomechanics and motor control”. Journal of Sports Sciences

19.10 (2001), pp. 739–760. doi: 10.1080/026404101317015410.

[285] Oliveira, AS and Pirscoveanu, CI. “Implications of sample size and acquired

number of steps to investigate running biomechanics”. Sci Rep 11.1 (2021),

p. 3083. doi: 10.1038/s41598-021-82876-z.

223

https://doi.org/10.11613/BM.2015.015
https://doi.org/10.1016/j.gaitpost.2014.12.015
https://doi.org/10.1016/j.gaitpost.2014.12.015
https://doi.org/10.1016/j.jbiomech.2015.05.027
https://doi.org/10.1016/j.jbiomech.2015.05.027
https://doi.org/10.1080/03093640902777254
https://doi.org/10.5277/abb140104
https://doi.org/10.5277/abb140104
https://doi.org/10.1080/026404101317015410
https://doi.org/10.1038/s41598-021-82876-z


REFERENCES REFERENCES

[286] Bovi, G et al. “A multiple-task gait analysis approach: Kinematic, kinetic

and EMG reference data for healthy young and adult subjects”. Gait and

Posture 33.1 (2011), pp. 6–13. doi: 10.1016/j.gaitpost.2010.08.009.

224

https://doi.org/10.1016/j.gaitpost.2010.08.009


Appendix A

PC Specifications

• Intel i7-6700 CPU 4 Cores @ 3.40GHz

• Ram 16GB - 32GB

• NVIDIA GeForce GTX 745 - 4GB VRAM
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Appendix B

MATLAB Code

B.1 NURBS Interpolation Code

B.1.1 Master Control File

clear

clc

%% INPUTS:

% Indepenent variables

% Define data point array - D

D = [0 3 -1 -4 -4; 0 4 4 0 -3];

% Spline degree - p

p = 2;

% Weight Vector

w = ones(1,length(D));

% Dependent variables

% Number of data or control points

n = size(D,2);

% Number of knots

m = n + p + 1;

% Coordinate dimension - CoDim

CoDim = size(D,1);

% Number coordinates points - nCoordP

nCP = CoDim*n;

%% FUNCTION CALLUPS

% Parameter Vector

t = PVector(n, nCP, D);
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% Knot Vector

U = KVector (m, p, t);

% Control Points

P = ControlPoints(n, m, U, t, p, CoDim, D);

% Call Nurbs function

C = Nurbs(U, P, n, m, p, w);

%% PLOT NURBS CURVE

lw = 1.2;

mk = 10;

% Generate Plot

% figure('Name','NURBS')

F1 = figure(1);

F1.Position = [1,1,800,500];F1.PaperType = 'a4';

set(F1,'DefaultTextInterpreter','latex','defaultAxesTickLabelInterpreter'...

,'latex','defaultLegendInterpreter','latex')

% Data

p1 = plot(D(1, :), D(2, :), 'mo','MarkerSize',mk,'LineWidth',lw);hold on

% Control Points

p2 = plot(P(1, :), P(2, :), 'bo','MarkerSize',mk,'LineWidth',lw);hold on

% Control Polygon

p3 = plot(P(1, :), P(2, :), 'g','LineWidth',lw);hold on

% NURBs Curve

p4 = plot(C(1, :), C(2, :), 'r','LineWidth',lw);hold on

axF1 = findobj(gcf,'type','axes');

axF1.XLim = [-5 6];axF1.YLim = [-4 5];

axF1.ClippingStyle = 'rectangle';

axF1.XGrid = 'on';axF1.XMinorGrid = 'on';

axF1.YGrid = 'on';axF1.YMinorGrid = 'on';

axF1.FontSize = 14;axF1.XLabel.String = 'X-Length (mm)';

axF1.YLabel.String = 'Y-Height (mm)';

axF1.XLabel.FontSize = 14; axF1.YLabel.FontSize = 14;

legd5 = legend({'Data Points','Control Points','Control Polygon',...

'NURBS Curve'});
set(legd5,'FontSize',14,'Location','northoutside','Orientation',...

'horizontal')

exportgraphics(F1,'BasicNURB.pdf','ContentType','Vector',...

'BackgroundColor','w')

exportgraphics(F1,'BasicNURB.png','ContentType','Image','Resolution',...

150,'BackgroundColor','w')
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B.1.2 Parameter Function

function [t] = PVector (n, nCP, D)

%% CALCULATE PARAMETER VECTOR

%% INPUTS:

% Number of Data/Control points - n

% Number of coordinate points - nCP

% Data point matrix - D

%% OUTPUT: PARAMETER KNOT USING CENTRIPETAL METHOD

% Chord length, cl

cl = zeros(1, n);

for i = 1:2:(nCP-3)

cl(uint8(i/2+.5)) = sqrt(sum((abs(D((i+2):(i+3))-D((i):(i+1)))).ˆ2));

end

% Find 'total length' d by summing all chord lengths

d = sum(cl);

% Find parameter values t(i)

% Initialise vector of zeros with length equal to number of data points

t = zeros(1, n);

% Set final knot in vector equal to 1

t(n) = 1;

% Calculate interior parameter knots

for i = 2:(n-1)

t(i) = t(i-1)+cl(i-1)/d;

end

end

B.1.3 Knot Function

function [U] = KVector (m, p, t)

%% CALCULATE KNOT VECTOR

%% INPUTS:
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% Total number of knots - m

% Spline degree - p

% Parameter vector - t

%% OUTPUT: KNOT VECTOR

% Generate knot vector of zeros with length m

U = zeros(1, m);

% Set clamped ends (p+1) knots

U((m-p):m) = 1;

% Calculate internal knots

for i = (1+(p+1)):(m-(p+1))

k = (i-p):(i-1);

U(i) = (1/p).*sum(t(k));

end

end

B.1.4 Control Point Function

function [P] = ControlPoints(n, m, U, t, p, CoDim, D)

%% CALCULATE CONTROL POINTS

%% INPUTS:

% Number of Data/Control points - n

% Total number of knots - m

% Knot vector - U

% Parameter vector - t

% Spline degree - p

% Coordinate dimension - CoDim

% Data points vector - D

%% OUTPUT: CALCULATION OF BASIS FUNCTIONS

% Modified from BasisFunctions.m file to create n x n matrix

% Setup array for population

N = zeros(n);

% Calculate 0th degree functions
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for j = 1 : n

for i = 1 : m - 1

if U(i) == U(i+1)

N(j,i) = 0;

elseif t(j) >= U(i) && t(j) <= U(i+1)

N(j,i) = 1;

else

N(j,i) = 0;

end

end

% Calculate higher degree basis functions up to degree p

for k = 2 : p + 1

for i = 1 : n

if N(j,i) �= 0

d = ((t(j) - U(i)) * N(j,i)) / (U(i + k - 1) - U(i));

else

d = 0;

end

if N(j,i+1) �= 0

e = ((U(i + k) - t(j)) * N(j,i+1)) / (U(i + k) - U(i + 1));

else

e = 0;

end

N(j,i) = d + e;

end

end

end

N(:,all(N==0))=[];

N(abs(N)<1e-4)=0;

%% OUTPUT: SOLVING MATRICES FOR CONTROL POINTS

% Set array for control points

P = zeros(CoDim, n);

% Transpose data point matrix

D = D';

% Solve for P using backslash operator, Gaussian Elimination algorithm

P = N\D;
% Transpose control point matrix

P = P';

end
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B.1.5 NURBS Function

function [C, N, R, S, U] = Nurbs (U, P, n, m, p, w)

%% CALCULATE NURBS FUNCTION ALONG DOMAIN VECTOR X

%% INPUTS:

% Setup domain vector

X = linspace(U(1), U(end), 10*size(P,2));

% Total elements to evaluate

totalX = numel(X);

N = zeros(totalX, n);

%% OUTPUT: NURBS CURVE POINTS

% Calculate basis function

for i = 1 : totalX

u = X(i);

N(i, :) = BasisFunctions(n, m, u, U, p);

end

% Calculate denominator of rational basis functions

S = zeros(totalX, 1);

for i = 1 : totalX

tmp = N(i, :);

for j = 1 : size(tmp, 2)

S(i) = S(i) + (tmp(j) * w(j));

end

end

% Calculate rational basis functions

R = zeros(totalX, n);

for i = 1 : totalX

tmp = N(i, :);

for j = 1 : size(tmp, 2)

if(S(i) �= 0)

R(i, j) = (tmp(j) * w(j)) / S(i);

else

R(i, j) = 0;

end

end

end
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% Calculate curve points

C = zeros(2, totalX);

for i = 1 : totalX

tmp = R(i, :);

sum = [0; 0];

for j = 1 : size(tmp, 2)

sum = sum + (P(:, j) * tmp(j));

end

C(:, i) = sum;

end

end
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Appendix C

ISO Standards

C.1 Prosthetics

C.1.1 ISO 22675:2016

Prosthetics - Testing of ankle-foot devices and foot units - Requirements and test

methods [239]. Used in this thesis to form the boundary conditions for the Ansys

FEA simulations.

Figure C.1: The first of two tables used to define the major dimensions of the
test setup. Table 6 includes equations to calculate dimensions along the vertical
u axis.
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Figure C.2: The second of two tables used for dimensions the test setup. Table 7
includes co-ordinates for the load point and tilting axis.
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Appendix D

ANSYS

D.1 Intermediate Material Study

This section contains the composite’s names, mechanical properties, and simula-

tion results for reference in the intermediate material study of Chapter 3.

D.1.1 Materials & Mechanical Properties

A selection of five di↵erent carbon fibre prepreg materials from three di↵erent

sources were used in this study. The first three are quasi-isotropic or biaxial,

sourced from a supplier’s data sheet [247] and the EduPack materials database

[246]. These three also have information on the composition of the composite,

Table D.1: General material information and mechanical properties for the
isotropic woven prepregs. CF = Carbon Fibre.

General Information

Name XC130 210g Biaxial Prepreg Quasi-isotropic
Prepreg

Source EasyComposites CES Edupack CES Edupack
Matrix Epoxy Epoxy Epoxy
Fabric CF 3K Twill CF Weave CF Weave
Layup - [0/90] [0/90,+45/-45]s

Vf Fraction - 0.65 0.65
Behaviour Quasi-isotropic Biaxial Quasi-isotropic

Mechanical Properties

Young’s modulus 55.2GPa 68.7GPa 48.2GPa
Poisson’s ratio 0.399 0.058 0.399
Tensile Strength 645MPa 910MPa 649MPa

xi



APPENDIX D. ANSYS D.2. LINK FEA DATA

Table D.2: Mechanical properties for the orthotropic woven prepregs found in the
Ansys materials library. Both Young’s modulus and Tensile limit are given in
units of MPa.

Prepreg
Designation

Young’s Modulus Poisson’s Ratio Tensile Limit
x y z xy yz xz x y z

230GPa 61340 61340 6900 0.04 0.3 0.3 805 805 50
395GPa 91820 91820 9000 0.05 0.3 0.3 829 829 50

helpful in providing a relative context for comparisons. The final two materials are

orthotropic carbon fibre prepregs found in the Ansys material database and have

only mechanical properties. Relevant information on these materials is presented

in the reference Tables D.1 and D.2 of this section, for use in the main chapter.

The XC130 composite data sheet had no poisson’s ratio value. However, as it

was similar to the Quasi-isotropic prepreg from the EduPack database, the same

poisson ratio value was assigned.

Due to the orthotropic properties of the Ansys materials, it was important to

have the model orientated to the correct axes. For these studies, this required

the y-axis to be vertical, and the x-axis aligned along the longitudinal axis of the

foot, pointing forward. Even with the orthotropic properties, this is still only

an approximation. These two database materials are intended to be used in the

Ansys ACP module, where they are applied to elements capable of modelling the

composite laminate behaviour.

The results of these studies can be found in Table D.3, and are discussed in

the material study section 3.3.1

Table D.3: Results of the material study involving data from the materials in the
other tables of this section.

Source Name
Stress Deformation Sti↵ness
MPa mm N/mm

Easy Composites XC130 210g 440.54 13.247 119.27
Biaxial 434.87 10.644 148.44

CES Edupack
Quasi-isotropic 432.99 14.927 105.85

230GPa 431 13.512 116.93
Ansys

395GPa 460.96 10.442 151.31
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Table D.4: Material properties used in the link parametric study

Material Young’s (GPa) Poisson’s Yield (MPa) Ultimate (MPa)

Al 6082 70 0.34 255 300
ABS 1.6 0.35 22 -

D.2 Link FEA Data

D.3 APDL Code

D.3.1 Maximum Static Sti↵ness

The code used here calculates the sti↵ness from a static loading position by finding

the maximum deflection and force in the nodes of the mesh.

!----------------Deflection Extraction

---------------------------------

SET,LAST,LAST,,,,,,

!set dataset to be read

ALLSEL

CMSEL,S,SPRING BODY,NODE

!selects nodes of spring body

*GET,NC,NODE,0,COUNT,

!stores number of selected nodes as NC

*DIM,NL,ARRAY,NC,2

*DIM,NN,ARRAY,NC,

*VGET,NN,NODE,ALL,NLIST

!stores list of nodes in array

UY MAX = 0

!creates initial value for conditional statement

*DO,i,1,NC,1

!loop cycling through nodes on pylon face

ALLSEL

*GET,U Y,NODE,NN(i),U,Y,

!finds the y-deflection of node

NL(i,1) = NN(i)
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NL(i,2) = U Y

!stores node number and deflection

*IF,UY MAX,GT,U Y,THEN

UY MAX = U Y

!heel spring conditional

!*IF,UY MAX,LT,U Y,THEN

! UY MAX = U Y

!forefoot spring conditional

*ENDIF

!conditional statement to determine maximum deflection, factoring

in change of sign

*ENDDO

my DEF YMAX = UY MAX

!stores the maximum deflection of entire model

!-----------------------Load & Stiffness Extraction

---------------------------------

ALLSEL

*GET,MXNODE,NODE,0,NUM,MAXD

MXNODE2 = MXNODE - 50

!select all nodes in system and stores full count as parameter value

!SET,LAST,LAST,,,,,,

!sets data to be read at last substep of loadstep

FY MAX = 1

*DO,i,MXNODE2,MXNODE,1

!loops through all nodes in system

*GET,TEMP L,NODE,i,F,FY

*IF,FY MAX,GT,TEMP L,THEN

FY MAX = TEMP L

*ENDIF

!conditional statement to find the full load applied at each

loadstep and store in temp value

*ENDDO

my LOAD = FY MAX

!store final value from node loop in load array

*DIM,STIFF K,ARRAY,LSNUM,1

!creates stiffness array and plot table

my STIFF K = my LOAD/my DEF YMAX
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!calculates stiffness from applied loads and relative spring

deflection

D.3.2 Rollover Shape Extraction

The code here calculates the rollover shape using the raw data in the solution

folder.

ALLSEL

/POST1

!enter post processing command module

!------------------Initial Script Stuff-------------------

SET,LAST,

!reads last data step

*GET,LSNUM,ACTIVE,0,SOLU,NCMLS

!finds the number of loadsteps and stores as var LSNUM

LSNUM = LSNUM - 1

!initial zero loadstep is alreadyt cut off, this removes the last

zero loadstep

r = LSNUM

!set array row parameter = LSNUM

SET,FIRST,,,,,,,

!read the first data set

CSLIST

!lists coordinate system

*AFUN,DEG

!sets angular calcs to degrees

!-------------------------------------------------------

!replace this block with loadstep block to collect all data

!LSNUM swapped for DSNUM

!SET,t,LAST,,,,,, must be replaced with SET,,,,,,,t,

!*GET,DSNUM,ACTIVE,0,SET,NSET

!finds the number of data sets and stores as var DSNUM

!r = DSNUM

!set array row parameter = DSNUM

!-------------------------------------------------------

!-----------------CoP Extraction------------------------

*DIM,COP X,ARRAY,r,4

!creates an array called COP X of row=r and col=1

*DO,t,1,LSNUM,1

!initiates a loop counting from 1 to DSNUM in steps of 1

SET,t,LAST,,,,,,
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!sets dataset number t to be read

ALLSEL

CMSEL,S,FOOT SURF,NODE

!selects all nodes on heel surf

ESLN

!selects elements associated with nodes

ESEL,U,ENAME,,187

!unselects all solid187 elements to leave only contact elements

NSLE

!selects nodes of elements

*GET,NODE COUNT,NODE,0,COUNT,

!stores number of nodes as NODE COUNT

*DIM,NODE LIST,ARRAY,NODE COUNT,4

!creates array

*DIM,NODE NUM,ARRAY,NODE COUNT,

!creates array

*VGET,NODE NUM,NODE,ALL,NLIST

!stores list of nodes in array

RY MAX = 0

RY MAX X = 0

SUM = 0

WT SUM = 0

!creates initial values for loop

*DO,i,1,NODE COUNT,1

!initiates loop through list of nodes

ALLSEL

*GET, X i, NODE, NODE NUM(i), LOC, X,

*GET,X f, NODE, NODE NUM(i), U, X,

NODE X = X i + X f

!find and store the sum of x-location and displacement for

nodes

*GET,Y i,NODE,NODE NUM(i),LOC,Y,

*GET,Y f,NODE,NODE NUM(i),U,Y,

NODE Y = Y i - Y f

!find and store the sum of y-location and displacement for

nodes

NSEL,S,NODE, , NODE NUM(i)

ESLN

FSUM,

*GET, TEMP LOAD, FSUM, 0, ITEM, FY,

!finds and temporarliy stores y-load at node

NODE LOAD = TEMP LOAD

!assigns temp loads to uncoupled parameter

NODE LIST(i,1) = NODE NUM(i)

NODE LIST(i,2) = NODE X
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NODE LIST(i,3) = NODE LOAD

NODE LIST(i,4) = NODE Y

!stores found values in array

SUM = SUM + NODE LOAD

WT SUM = WT SUM + NODE LOAD*NODE X

!sums of node loads and moments

!*IF,RY MAX,LT,NODE LOAD,THEN

! RY MAX = NODE LOAD

! RY MAX X = NODE X

! RY MAX Y = NODE Y

!*ENDIF

!alternate method of simply taking highest load value, not as

accurate

*ENDDO

COP X(t,1) = WT SUM/SUM

!finds the x-location of COP by dividing the moment by force

*ENDDO

!*MWRITE,COP X,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\CoP X,

txt

!%7.2F

!----------------Plate Angle Extraction

---------------------------------

CSYS,21

!selects coordinate system centered on point of rotation

*DIM,PLATE ANG,ARRAY,r,5

!creates plate angle array

*DO,t,1,LSNUM,1

!initiates loop through timesteps

SET,t,LAST,,,,,,

!set dataset to be read

ALLSEL

CMSEL,S,PLATE BACK,NODE

*GET,PNNUM1,NODE,,NUM,MAX

*GET,XB,NODE,PNNUM1,LOC,X

*GET,YB,NODE,PNNUM1,LOC,Y

*GET,X1,NODE,PNNUM1,U,X

*GET,Y1,NODE,PNNUM1,U,Y

!finds x,y location and deformation of plate back edge

ALLSEL

CMSEL,S,PLATE FRONT,NODE

*GET,PNNUM2,NODE,,NUM,MAX
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*GET,XF,NODE,PNNUM2,LOC,X

*GET,YF,NODE,PNNUM2,LOC,Y

*GET,X2,NODE,PNNUM2,U,X

*GET,Y2,NODE,PNNUM2,U,Y

!finds x,y location and deformation of plate front edge

PLATE ANG(t,1) = XB+X1

PLATE ANG(t,2) = YB+Y1

PLATE ANG(t,3) = XF+X2

PLATE ANG(t,4) = YF+Y2

!stores the actual coordinate location of the front & back edge

at the timestep

X ABS = (XF+X2)-(XB+X1)

Y ABS = (YB+Y1)-(YF+Y2)

!creates absolute values of the coordinates to find angles

PI = ACOS(-1)

PLATE ANG(t,5) = ATAN(Y ABS/X ABS)

!finds the angle of the plate, this is the equivalent to the

boundary condition

*ENDDO

!*MWRITE,PLATE ANG,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\
PANG,txt

!%10.4F %10.4F %10.4F %10.4F %10.4F

!----------------Deflection Extraction

---------------------------------

CSYS,20

!selects coordinate system centered at rear of plate

*DIM,DEF YMAX,ARRAY,r,5

KJH = 489

!IMPORTANT: sets parameter value for knee joint height, check

ISO22675 table values

*DO,t,1,LSNUM,1

!initiates loop through timesteps

SET,t,LAST,,,,,,

!set dataset to be read

ALLSEL

CMSEL,S,END CON,NODE

!selects nodes on bottom face of pylon

*GET,NC END CON,NODE,0,COUNT,

!stores number of selected nodes as NC END CON

*DIM,NL END CON,ARRAY,NC END CON,2

*DIM,NN END CON,ARRAY,NC END CON,

*VGET,NN END CON,NODE,ALL,NLIST

!stores list of nodes in array
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UY MAX = 0

!creates initial value for conditional statement

*DO,i,1,NC END CON,1

!loop cycling through nodes on pylon face

ALLSEL

*GET,U Y,NODE,NN END CON(i),U,Y,

!finds the y-deflection of node

NL END CON(i,1) = NN END CON(i)

NL END CON(i,2) = U Y

!stores node number and deflection

*IF,UY MAX,LT,U Y,THEN

UY MAX = U Y

*ELSEIF,UY MAX,GT,U Y,THEN

UY MAX = U Y

*ENDIF

!conditional statement to determine maximum deflection,

factoring in change of sign

*ENDDO

DEF YMAX(t,1) = UY MAX

!stores the maximum deflection of entire model

ALLSEL

CMSEL,S,CF SPRING,NODE

!selects profile nodes of prosthetic

*GET,NC CF SPRING,NODE,0,COUNT,

*DIM,NL CF SPRING,ARRAY,NC CF SPRING,2

*DIM,NN CF SPRING,ARRAY,NC CF SPRING,

*VGET,NN CF SPRING,NODE,ALL,NLIST

!creates arrays to store nodes and deflection values

UY MAX1 = -100

!creates offset value for conditional statement

*DO,i,1,NC CF SPRING,1

!loop cycling through nodes on profile

ALLSEL

*GET,U Y1,NODE,NN CF SPRING(i),U,Y,

!find the y-deflection of node

NL CF SPRING(i,1) = NN CF SPRING(i)

NL CF SPRING(i,2) = U Y1

!store the node number and y-deflection

*IF,UY MAX1,LT,U Y1,THEN

UY MAX1 = U Y1

!*ELSE,UY MAX1,GT,U Y1,THEN

!UY MAX1 = U Y1

*ENDIF
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*ENDDO

DEF YMAX(t,2) = UY MAX1

!stores maximum deflection of prosthetic shape

DEF YMAX(t,3) = UY MAX1-UY MAX

!actual deflection of prosthetic spring

DEF YMAX(t,4) = 80-(UY MAX1-UY MAX)

!translation of ankle joint centre

DEF YMAX(t,5) = KJH-(UY MAX1-UY MAX)

!translation of knee joint centre

*ENDDO

!*MWRITE,DEF YMAX,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\DEF,
txt

!%10.4F %10.4F %10.4F %10.4F %10.4F

!-----------------Joint Cenre Extraction

---------------------------------

JC X = 0

!set joint centre x-position

*DIM,AJC,ARRAY,r,2

*DIM,KJC,ARRAY,r,2

!create arrays for ankle and knee joint centre

*DO,t,1,LSNUM,1

!loop through every timestep, transforming joint centres into pseudo-

kinematic-gait form

AJC(t,1) = (JC X*COS(PLATE ANG(t,5))) - (DEF YMAX(t,4)*SIN(

PLATE ANG(t,5)))

AJC(t,2) = (DEF YMAX(t,4)*COS(PLATE ANG(t,5))) + (JC X*SIN(

PLATE ANG(t,5)))

KJC(t,1) = (JC X*COS(PLATE ANG(t,5))) - (DEF YMAX(t,5)*SIN(

PLATE ANG(t,5)))

KJC(t,2) = (DEF YMAX(t,5)*COS(PLATE ANG(t,5))) + (JC X*SIN(

PLATE ANG(t,5)))

*ENDDO

!*MWRITE,AJC,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\AJC,txt
!%10.4F %10.4F

!*MWRITE,KJC,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\KJC,txt
!%10.4F %10.4F

*DIM,AJC T,TABLE,r,2

*DIM,KJC T,TABLE,r,2

!creates table for line plotting

*DO,t,1,LSNUM,1

AJC T(t,1) = AJC(t,1)

xx



APPENDIX D. ANSYS D.3. APDL CODE

AJC T(t,2) = AJC(t,2)

KJC T(t,1) = KJC(t,1)

KJC T(t,2) = KJC(t,2)

*ENDDO

!stores array values in table

/show,png

*VPLOT,AJC T(1,1),AJC T(1,2)

*VPLOT,KJC T(1,1),KJC T(1,2)

!line plot of joint centres

!-------------------Rollover Shape Extraction

---------------------------------

*DIM,ROS,ARRAY,r,2

!create array for cop transform into rollover shape

*DO,t,1,LSNUM,1

!loop through every timestep, transforming original ansys data into

rollover shape

ROS(t,1) = (COP X(t,1)*COS(PLATE ANG(t,5))) + ((-DEF YMAX(t,4))*
SIN(PLATE ANG(t,5)))

ROS(t,2) = ((-DEF YMAX(t,4))*COS(PLATE ANG(t,5))) - (COP X(t,1)*
SIN(PLATE ANG(t,5))) + 80

*ENDDO

!*MWRITE,ROS,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\ROS,txt
!%10.4F %10.4F

*DIM,ROS2,TABLE,11,2

!creates table for line plotting ROS values, as array will plot bar

graph

*SET,ANG,15,13,10.5,7.5,4,0,-4,-8,-12,-16,-20

!creates array of loadstep angles from peak to peak

*DO,i,1,11,1

*DO,j,1,LSNUM,1

*IF,PLATE ANG(j,5),EQ,ANG(i),THEN

ROS2(i,1) = ROS(j,1)

ROS2(i,2) = ROS(j,2)

*ENDIF

*ENDDO

*ENDDO

!indexes through plate angle to match loadsteps and ROS values from

array, storing in table

!*MWRITE,ROS2,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\ROS2,txt
!%10.4F %10.4F
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/show,png

*VPLOT,ROS2(1,1),ROS2(1,2)

!-----------------------Load & Stiffness Extraction

---------------------------------

ALLSEL

*GET,MXNODE,NODE,0,NUM,MAXD

MXNODE2 = MXNODE - 50

!select all nodes in system and stores full count as parameter value

*DIM,LOAD,ARRAY,LSNUM,1

!creates array to store loads

*DO,t,1,LSNUM,1

!initiates loop through loadstep numbers

SET,t,LAST,,,,,,

!sets data to be read at last substep of loadstep

FY MAX = 1

*DO,i,MXNODE2,MXNODE,1

!loops through all nodes in system

*GET,TEMP L,NODE,i,F,FY

*IF,FY MAX,GT,TEMP L,THEN

FY MAX = TEMP L

*ENDIF

!conditional statement to find the full load applied at each

loadstep and store in temp value

*ENDDO

LOAD(t,1) = FY MAX

!store final value from node loop in load array

*ENDDO

!*MWRITE,LOAD,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\LOAD,txt
!%10.4F

*DIM,STIFF K,ARRAY,LSNUM,1

*DIM,COP STIFF,TABLE,LSNUM,2

!creates stiffness array and plot table

*DO,t,1,LSNUM,1

STIFF K(t,1) = -LOAD(t,1)/DEF YMAX(t,3)

COP STIFF(t,1) = COP X(t,1)

COP STIFF(t,2) = STIFF K(t,1)

*ENDDO

!calculates stiffness from applied loads and relative spring

deflection

/show,png
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*VPLOT,COP STIFF(1,1),COP STIFF(1,2)

!----------------------Matlab File Export

-----------------------------------

*DIM,CYCLIC IMPORT,ARRAY,LSNUM,11

*DO,t,1,LSNUM,1

CYCLIC IMPORT(t,1) = PLATE ANG(t,5)

CYCLIC IMPORT(t,2) = LOAD(t,1)

CYCLIC IMPORT(t,3) = DEF YMAX(t,3)

CYCLIC IMPORT(t,4) = STIFF K(t,1)

CYCLIC IMPORT(t,5) = DEF YMAX(t,4)

CYCLIC IMPORT(t,6) = DEF YMAX(t,5)

CYCLIC IMPORT(t,7) = AJC(t,1)

CYCLIC IMPORT(t,8) = KJC(t,1)

CYCLIC IMPORT(t,9) = COP X(t,1)

CYCLIC IMPORT(t,10) = ROS(t,1)

CYCLIC IMPORT(t,11) = ROS(t,2)

*ENDDO

*MWRITE,CYCLIC IMPORT,C:\Users\Ben\Documents\Ansys\Concept\ISO 22675\
CYCLIC IMPORT PX,txt

%5.1F %7.1F %7.3F %10.2F %5.2F %6.2F %6.2F %7.2F %7.2F %7.2F %7.2F

!-----------------------Parameterise Outputs

--------------------------------

my STIFF K H = STIFF K(5,1)

my SIIFF K F = STIFF K(15,1)

D.3.3 Plate Spring Gap Close

This code closes the mesh gap between the force plate and foot structure.

/prep7

CMSEL,S,HEEL SURF,NODE

*GET,HS YMIN,NODE,,MNLOC,Y

CMSEL,S,PLATE SURF,NODE

*GET,Y SURF,NODE,,MXLOC,Y

OFFSET = Y SURF - HS YMIN
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ABS OFFSET = ABS(OFFSET)

TOLERANCE = 1E-6

*IF,ABS OFFSET,GT,TOLERANCE,THEN

CMSEL,S,FOOT NODES,NODE

ESLN

NSLE

NGEN,2,0,ALL,,,0,ABS OFFSET,0

*ENDIF

ALLSEL

/SOLU
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D.4 Foot Structure DOE

D.4.1 Heel Parameter Study

The keel parameter study plots are found in the main text. In Figure D.1, the

heel results are presented. These will be discussed in the main text Sub-section

4.3.3.
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Figure D.1: Heel parameter correlation study. Top: Spearman ranking correlation
matrix. Bottom: Determination matrix assessing the strength of relation.
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D.4.2 Response Surface - Goodness of Fit Metrics

A table collecting all goodness of fit metrics from the response surfaces generated

with the genetic aggregation algorithm, using the data produced in various studies

detailed in section 4.3.3 of the main text.

Figure D.2: Response surface goodness of fit metrics from the forefoot DOE stud-
ies. Green column: best model, Yellow column: 2nd best model, Red column:
Worst model

D.5 Parameter Correlation

This section will briefly explain how Ansys analyses the input parameters to find

correlation between inputs and outputs. There are two methods to choose from,

each calculates a correlation coe�cient that is used to characterise the strength

and direction of a relation between and input and output. This value is bounded

between�1 and +1, where the sign is indicative of the direction of the relationship.

D.5.1 Sample Generation

The design space is explored though a set of samples generated using the Latin

Hypercube sampling method. It aims to create a near-random set of samples from

the input parameters by randomly generating them in a square grid across the

design space. As a modification of the Monte Carlo method, it also attempts to

avoid clustering of multiple points in an area.

D.5.2 Correlation Coe�cient methods

The two methods available for selection are Pearson and Spearman. The Pearson

method uses actual data to calculate the correlation coe�cient. Only the linear

relationship is analysed, assessing the proportional change between the two param-

eters. On the other hand, Spearman focuses on the monotonic relation between

variables, measuring the non-parametric rank correlation.
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Figure D.3: Monte Carlo sampling method on the left, with the modified Latin
Hypercube method on the right.

Figure D.4: Correlation Example Plots. Left: Pearson = 0.9342, Spearman = 1
Right: Pearson = -0.8882, Spearman = -1

A quick example can be seen in D.4. Two quadratic plots have been created,

each with a linear line of best fit. The correlation measures in both plots recognise

the direction of relation in the data. However, as Pearson only focuses on the

linear relation, it estimates the strength of the correlation to be less than one,

whereas Spearman acknowledges the quadratic relation and adjusts the coe�cient

accordingly.

This e↵ect can be seen in more detail when comparing results from two param-

eter studies completed in Ansys. The input and output parameters were kept the

same in both, the only di↵erence is method used. Both plots are the correlation

of a dimension along the x-axis, to the principal strength along the y-axis. Figure

D.5a uses Pearson to calculate the coe�cient, whilst figure D.5b uses Spearman.

Linear and quadratic trendlines have also been added to both plots.

On immediate inspection, it can be seen that the data in both follow a similar

pattern, with Pearson having more outliers. However, the trendlines reveal that

the Spearman data is a much stronger predictor of correlation. The linear and

quadratic trendlines in the Pearson plot have R
2 values of 71.473% and 71.881%

respectively, whereas in the Spearman plot, these two values are 87.884% and

90.106%. This strengthens the argument that, in this case, the linearity assump-

tion of the Pearson method results in a less accurate correlation, and therefore the
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(a) Pearson Scatter (b) Spearman Scatter

Figure D.5: Comparison scatter plots with regression lines.

use of the Spearman method is preferential.

D.6 Design of Experiments

Design of experiments (DOE) is an umbrella term given to a selection of methods

which use an algorithm to generate sampling points that are representative of a

design space. Each technique has its own unique characteristics, but the common

goal of all is to place random points such that the entire space is explored, or to

collect an accurate depiction with minimal points.

D.6.1 Terminology

The DOE types can be di↵erentiated through two descriptive terms. The rotata-

bility of a method is the extent to which the design point matrix is biased in any

direction. If the matrix can be rotated about its centre without change to the

prediction variance, then it is said to be rotatable.

The other term is orthogonality, a measure of estimating the e↵ect of any one

parameter independently from others in the study. Take the simplified examples

in Table D.5. For both experimental pairs, the levels are �1 and 1, with four

runs computed. In the first pair of factors, the design has set the same level for

both factors in every run. This prevents the observer from being able to calculate

the independent e↵ect of each factor on the output variable, thus the design is

non-orthogonal. The second pair of factors has been appropriately arranged, so

that the upper and lower levels of factor A2 can be compared with those in factor

B2. This allows for the main e↵ects of each factor to be estimated independently

of each other, known as an orthogonal design.
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A1 B1 A2 B2

Run 1 1 1 1 1
Run 2 1 1 1 -1
Run 3 -1 -1 -1 1
Run 4 -1 -1 -1 -1

Table D.5: Example table of two-factor experiments with the same levels, used to
explain orthogonality of DOE types. Subscripts denote experiment factor pairs,
A1 & B1 separate from A2 & B2

D.6.2 Central Composite Design (CCD)

The central composite design is the default selection in the Ansys interface. It

is a five-level fractional factorial design that found its popularity in physical ex-

perimentation design, being able to generate a quadratic response model. A key

benefit of this type is its versatility in selection di↵erent types which can help pri-

oritise rotate-ability, orthogonality, or a combination of the two. The template can

also be expanded to produce additional design points. However, for a relatively

simple experiment, it is recommended to leave the template as normal and allow

the solver to automatically detect the best type to populate the design space.

It covers parameter values reasonably well, as can be seen in Figure D.6, where

the corners and mid-point face values are generated from the central point. It

does, however, require additional design points to achieve this. Furthermore,

an accurate response surface is not guaranteed as the sample points can be less

e↵ective combinations.

(a) CCD - Face Centered (b) Box-Behnken

Figure D.6: Diagrams representing the variation from a central parameter value
by the CCD and Box-Behnken methods.
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D.6.3 Box-Behnken

This method was also primarily developed for physical experimentations. It is a

three-level quadratic design, which generates samples through midpoint edges of

factors. As the oldest type of design space algorithm, its usage primarily passed

over in favour of others such as the CCD method, which better represents the

extremes of the design space. See Figure D.6, where this method cannot occupy

the corners of the parameter factors.

D.6.4 Optimal Space Filling Design (OSF)

This method is based on the Latin Hypercube sampling (LHS), forming the basis

of the algorithm which is then optimised. The end result has the same character-

istics of a LHS method where points do not share a row or column, but with the

additional caveat of a more uniform distribution of points within the design space,

see Figure D.7 where clumping of points seen in the LHS method is avoided in

OSF.

An OSF method has advantages over the CCD and BB methods which focus

on the settings near the perimeter of the design region. Such a limitation was

necessary when these were derived without the use of computers. This method

is able to distribute the points evenly to accurately model the entire space with

minimal design points.

Like the CCD method, there are some additional controls that can be applied.

The basic design type aims to maximise the minimum distance between points,

whilst the more complicated maximum entropy type aims to minimise uncertainty

in unobserved locations. Sampling methods can also be defined, sticking with the

basic CCD method, or selecting some variation of quadratic generation.

Figure D.7: Comparison of design space distribution between the Latin Hypercube
and Optimal Space-Filling methods.
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D.7 Foot Structure Composite Model

The setup shown in Figure D.8 was used for the composite simulations. Mate-

rial properties for the woven and unidirectional ply existed within the software

database. In a composite study, two geometry modules are required: the standard

full body model and a shell of the inner and outer surfaces. This secondary shell

geometry is used to define the bounds within which the ply layers are generated.

The standard full body geometry is where the plate and foot are positioned for

the static cases, and a mesh generated.

In the ACP (Pre) modules, the fabrics are defined with the imported database

material properties and a value of sheet thickness, which was taken from the

suppliers website. These fabrics are then used to define sub-laminates which are

used for the layup modelling. The surface bodies are also defined in this module

as the upper and lower bounds of ply generation . See Figure D.9 for images of

the layup generated.

These layups are then imported into a static structural module, within which

the boundary conditions are applied. The previously separate heel and keel setups

are merged into these static models for a complete representation of the foot

laminate structure. Other than this, the module behaves as it would normally and

Figure D.8: Screenshot of Ansys workbench project used for the composite model
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Figure D.9: Screenshots of the layups generated in the ACP (Pre) modules, for
Heel (top) and Keel (bottom).

results can of stress and deflection can be collected. What can’t be determined

in this module are potential failures specific to the laminate structure, such as

de-lamination or fibre/matrix fracture; see the example result in Figure D.10

Figure D.10: Laminate failure mode results on the heel
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D.8 Housing Supplementary Data & Results

This section contains a table summary of explored parameters, see Figure D.11

Figure D.11: Summary of connection parameters explored to determine the most
suitable settings for reliable results.
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Supplementary Design Data

E.1 Composite Spring Study Setup

This study was completed to estimate the strain energy storage capability of the

composite spring. To simplify the calculation and simulation, some assumptions

were made:

• Deflection only occurs in the curved section of the spring due to the straight

vertical face being attached to the housing interior.

• Material is the same as used in the toe and keel springs, which is assumed

to behave linear elastically

• Material is therefore also homogenous and isotropic

The composite spring geometry was also simplified, removing the fillets and

connection features that would be used for physical assembly. The dimensions are

as follows:

• Profile thickness is 10mm along the length

• Width is 10mm, making the cross section a 10mm square

• Vertical is 50mm in length

• Curved section has an arc of ⇡/2, with a centre radius of 70mm

The body is meshed with quadratic hexahedron 1mm elements. The back

vertical face is fixed as this is where the connection to the housing would be.

Whilst an arbitrary force of 500N is applied to the edge of the curved section, see

Figure E.1. This force was selected as it represents the upper limit of a force that

could be applied to the mechanism based on subject mass of 85kg.
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Figure E.1: Screenshots taken from the simulation setup. Left: Geometry of the
composite spring. Right: Fixtures on the back face connection to housing, and
force applied on edge of curved section.

A comparison was made with an analytical calculation derived from Casigliano’s

Theorem. The integrals for deflection and strain energy due to bending are given

as:

� =

Z s

0

M

EI

dM

dW
ds (E.1)

U =

Z s

0

M
2

2EI
ds (E.2)

Where M is the bending moment, E is the elastic modulus, I is the second

moment of area, dM/dW is the change in moment with respect to the load, and

ds is the finite quantity of the beam.

The moment is expressed as:

M = PR sin ✓ (E.3)

Where P is the load, R is the radius of curvature, and ✓ is the angle of curvature.

The integrating factor is given as:

ds = Rd✓ (E.4)

Whilst the partial derivative of work of deformation with respect to the vertical
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component of force is given as:

[
dM

dW
]v = R sin ✓ (E.5)

Subbing these quantities into the integrals and solving for a degree of curvature

between 0 and ⇡
2 gives:

� =
⇡PR

3

4EI
(E.6)

U =
⇡P

2
R

3

8EI
(E.7)

The parameter values for these equations were as follows:

• P = 500N

• R = 70mm

• E = 55200MPa

• I = 833.33mm4

Results of these analytical calculations and simulation have been presented in 4.2

E.2 Helical Compression Spring

Figure E.2: Screenshot of the excel design spreadsheet used to check calculations,
select parameters, and check critical outputs.
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Figure E.3: Top: Simulink model used to perform a sensitivity analysis on the
spring geometry parameters.
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E.3 Gear Data

E.3.1 Involute Gear Generation in CAD

The following figure shows the equations entered into a gear generating CAD

model within SolidWorks. These equations were referenced from the following

design books [259, 254].

Figure E.4: Screenshot of the equations used to derive the key gear dimensions
for generating the various dimeters and parameters used to generate the involute
tooth shape.

The involute profile is generated from the base circle of the gear geometry by

wrapping or unwrapping a chord length about the cylinder. For a full explanation,

the referenced books above should be consulted. The parametric representation

of an involute profile is given by the following equations:

X(t) = r(cos t+ (t� a) sin t) (E.8)

Y (t) = r(sin t+ (t� a) cos t) (E.9)

These variables in these equations were replaced with the relevant parameters

from those seen in Figure E.4. An example of one of these curves can be seen in

Figure E.5. These curves were then simply repeated in a circular pattern using

the number of teeth define in the equation set.
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Figure E.5: Involute curve generation using the parametric equations

E.3.2 ISO Strength Calculation Factors

Application factor, KA

This factor adjusts the tangential load to accommodate for additional loads that

may be applied to the system from external sources, such as dynamic rotating

masses. When consulting the relevant standard, it is suggested to use an initial

value which can then be agreed upon with the manufacturer. A guide table is

provided in 6336-6, where the factor is estimated based upon the working char-

acteristic of the driving and driven machine (pinion and gear). Each has four

characteristic ratings: uniform, light shocks, moderate shocks, and heavy shocks.

Examples are provided for each type, ranging from continuously running pro-

duction lines to heavy industrial machinery. The scale of operation within the

prosthetic is smaller than examples given but the characteristics are still relevant.

It was decided that the light shock characteristic would be applied to both as

the uniform condition stipulates that operation is continuous with rare starting

torques, whereas the gears in the prosthetic will experience a regular starting

torque for each step taken.
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Internal dynamic factor, Kv

The dynamic factor considers the e↵ects of tooth accuracy with respect to speed

and load. Parameters that a↵ect the factor value are design, manufacturing, trans-

mission perturbations, dynamic response, and resonance. Gears made to a very

high accuracy, resulting in the perfect meshing of gears will have a factor ap-

proaching 1. The running speed influences the method of calculation:

Running speed =
vz

100
⇤
r

u2

1 + u2
(E.10)

Where v is the pitch line velocity (mm/s), z is the number of pinion teeth,

and u is the gear ratio. The pitch line velocity was calculated by taking a value

of mean step cadence in a study that collected a large database of gait data [286],

and then converting that into a frequency and finally the pitch velocity.

For all gears, the running speed was found to be subcritical, and so the dynamic

factor was calculated using the following equation:

Kv = 1 +

 
K1

KA
Ft
b

+K2

!
vz

100
K3

r
u2

1 + u2
(E.11)

K1 and K2 are constants read from a table, given values of 39.1 and 0.019

respectively.

Face load factors, Contact KH� and Bending KF�

These two factors consider the non-uniform distribution of the load over the gear

face width and the e↵ects on performance. The scope of both factors include

manufacturing accuracy, alignment of axes, deflections of housing/bearings, and

shaft loads amongst other causes. Anything that could place the meshing of gear

teeth out of alignment is factored in. It was decided to set this to 1.1 for a

reasonable estimate .

Transverse load factors, Contact KH↵ and Bending KF↵

The factors are applied for surface stress and tooth root stress, accounting for

the e↵ect of non-uniform distribution of transverse load between several pairs of

contacting teeth. Similar to above they are influenced by deflections under load,

tooth profile modifications, manufacturing accuracy and running-in e↵ects. It was

decided to set this to 1.1 for a conservative estimate.
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Life factor ZNT

Considers higher contact stress, which can be tolerated for a limited number of

load cycles. A table is provided in the standard, where the materials from 6336-5

have been grouped together and assigned di↵erent levels of load cycle numbers

each with a life factor value. A conservative value of 1.3 was applied based upon

the expectation that stress cycles will be relatively low for the operating lifetime.

Lubrication ZL, Velocity Zv, and Roughness ZR

These factors are tied together due to the influence they have upon the lubricant

film and surface durability. They are presented independently but cannot be

realistically separated. The lubricant factor considers the type and viscosity of

the liquid, although this only has maximum e↵ect at the long-life stress level.

Roughness is determined by the surface finish, where the mean relative peak-to-

valley roughness is used to calculate the value or read from a plot of empirical

results.

Whereas the other two factors require manufacturer input, the velocity factor

could be read o↵ a graph as a function of the pitch line velocity and allowable

stress number. Due to the slow velocity and lower allowable stress number, this

factor was regularly read o↵ as being 0.95. It was decided to set all as equal to

one as it put them in the median to high level range of possible values.

Work hardening factor, ZW

Considers the e↵ect of work hardening when a pinion and gear have di↵erent

hardness properties. As the materials for both are the same in this application,

the factor was set equal to 1

Size factor, ZX

Statistical evidence has suggested that stress levels at which fatigue damage is

experienced is inversely proportional to the increase of component size. This is

believed to be due to the influence of subsurface defects of smaller stress gradients.

It seems to be that the derivation of this is not within the scope of the standard

and the value is to be taken as one.

Single tooth contact factor, Pinion ZB and Gear ZD

Converting the contact stress at the pitch point to contact stress at the inner point

of single pair tooth contact. For ratios of greater than 1.5, ZD is equal to 1. The
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formulae for calculating ZB takes into consideration the gear ratio, teeth number,

pressure angle, and contact ratio. For all possible variations it returned a value

less than one, in which case the standard declares that the value for ZB be equal

to one.

Zone factor, ZH

Accounts for the influence of Hertzian pressure on the tooth flank curvature at the

pitch point and transforms the tangential load at the reference cylinder to normal

load at the pitch cylinder. The factor can be derived from the following equation,

using the pressure angle:

ZH =

s
2 cos�

cos2 � sin�
(E.12)

Note, this equation has been reduced from the one in the standard due to a 0

helix angle which set a term cos � equal to 1.

Elasticity factor, ZE

Considers the influence of elastic material properties, Young’s modulus and Pois-

son’s ratio. The material for the pinion and gear are the same, so the equation

used can be reduced to the following:

ZE =

s
E

2⇡(1� v2)
(E.13)

Alternatively, the value can be read from an experimental reference table. This

was deemed more reliable and so 189.8 was used based on the material category

selected from 6336-5.

Contact ration factor, Z✏

The standard provides a graphical reference from which the ratio factor can be

selected as a function of the transverse ratio and overlap ratio, which can change

the surface load capacity; 0.9 was used.

Helix angle ratio, Z�

Based upon the helix angle used in helical gears. As spur gears are used in the

design, this can be set to one.
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Stress correction factor, YST

This factor is separate to that which is used to calculate the nominal root stress

number. The standard declares it must be equal to 2 to match with the results of

tests of standard reference test gears used in 6336-5.

Life factor, YNT

Accounts for higher tooth root stress which could be endured for a limited number

of load cycles. The principal influence come from the material, its heat treatment,

and the number of load cycles. It was decided to set this value to 1, which provided

a conservative estimate.

Relative notch sensitivity factor, Y�relT

This indicates the extent to which the tooth root stresses have surpassed the

material stress limit, causing fatigue or breakage. The standard included several

reference graphs, which indicated a conservative estimate equal to 1 would be

suitable.

Surface factor, YR

Considers the e↵ect of tooth root stress on the surface condition of the tooth root

fillets. The calculation of this is based upon the surface roughness and material.

Reference diagrams indicated a value of 1 would be su�cient.

Size factor, YX

Considers the e↵ect of size on the distribution of stress concentration points in the

geometry. In accordance with strength of materials theory, the stress gradients

and weak points will decrease with increasing dimensions. A reference table is

provided, where the factor can be read o↵ as a function of the module and material.

Due to the module limit for this design, this size factor is equal to 1 for all

materials.

Form factor, YF

Considers how the tooth shape influences the root stress. Fully numerical deriva-

tion of this factor requires extensive experience and expertise. A graphical solu-

tion provided a suitable estimation of parameters, see Figure E.6. The gears were

modelled, and the values read directly from the geometry for use in the following
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equation:

YF =
6hFe
m cos�

sFn
m

2 cos�
(E.14)

Figure E.6: Reference diagram taken from ISO 6336-3, for selection of dimensional
parameters hFe and SFn

Stress correction factor, YS

Used to convert the nominal tooth root stress to local tooth root stress by consid-

ering the stress amplification e↵ect of fillet radius, and the true stress system at

the tooth critical section being more complex with local stresses at the tooth root

having two components. The calculation of this factor is beyond the scope here.

As a measure of safety for the calculations this will be set equal to 2.

Helix angle factor, Y�

Converts the tooth root stress of a spur gear to that of a corresponding helical

gear. Can be ignored and set to one for this design case.

Rim thickness factor, YB

If the rim thickness is not able to provide adequate support for the tooth root,

the bending fatigue failure may be localised in the gear rim, rather than the fillet.

If the ratio of rim thickness to tooth depth is evaluated and above 1.2, then the

factor is set equal to one. Else a simple natural logarithm equation is used to

calculate the factor value. As the shaft diameter was not decided at this stage,

the factor was set to 1 with the intention to revisit later.
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Deep tooth factor, YDT

For high precision gears, with contact ratios between 2  ✏ � 2.5, the nominal

root stress is amended by the deep tooth factor. As gear pair selection has a ration

below these bounds, this factor can be set equal to 1.

E.4 Technical Drawings
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Figure E.9: Wheel and Lever
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Figure E.10: Pinion shaft and Wheel shaft
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Appendix F

Biomechanics study

F.1 Ethics, Consent, and Health questionnaire

To save page space on the final document, the ethics form, consent sheet, and

health questionnaire can be requested by emailing the author at:

ben.morgan@swansea.ac.uk
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